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METHODS OF MODULATING CELL CYCLE AND CELL SIGNALING 
PATHWAYS USING BILIVERDIN REDUCTASE 

The present invention was made, at least in part, wilh funding leceived 
5 finm flie National Institute ofHealdimder grant ES04066. The U.^^ 
may lutve catain liiJitsf in this invotttion. 

FIELD OF THE INVENTION 

jQ . The present invmtionrdates generaUy to the use of bi^ 

reductase^ or function^ fiagments or variants thaep^ to modify die txpcvssica of cell 
<^le and cdl signaling palhwiQ^. 

BACKGROUND OF THE mVENTlON 

15. : . 

Bfliveidk reductase OffiVR) IS a dud fimcti 
both as a reductase and a kinase. BW also functions as a transcripili<mfidorfiw 
«qwwsion of the stress-responsive gene hone oxy^^ 

tedmology and flow <sytometiy, human kidney 293 cdb tansfected wifli an adenovirus 
20 construct carrying hBVR, were examned for an eEBxt of flie ovei«SA|M:essioii of BVR 
on ceU cycle and cell signduig pathways. As aconbol, cells transacted with tiie same 
construct but carrying reverse of hBVR gene were also tested. 

DETAILED DESCRIFnON OF THE INVENTION . 

' 25. , ■ 

The present invention relate to the use of biUvadm reductase 
('SVR'O to regulate oppression of ceU cycle and ceU signalmg pathwaiys. 

consequence, by modifying the nuclear or cellular concentiation of BVR. or 
fiagments or variants tiiereof, the expression of ceU cycle and cdl signaling ITO 

30 canbeiegateted, Le., either enhanced or siq>pressed. 

To mcr«ise the nuclear or cdlular concentration of BVR, or fiagments 
or variants thereof eiflier BVR of flie fingments or variants tiiereof can be introduced 
inb) the cell directly or «q)ressed tiierein via in vivo cell transform^on. To decreasie 
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fhe nuclear ooncaitralioii of BVR, anlisense BVR RNA can be intaoduoed into li» 
cell diicctty or expressed therein via in vivo transfiiimialion, wfaich antisense BVR 
RNA inhibite BW mRNA translation. Thus, both protein or RNA ddivery^s^^ ^ 
or gaie delivery systems can be employed in the present invoition. 

A5 used herein, tiie tenns biMvMdin reductsse md BV^^ 
mammaUan BVlC but i*efen>bly human BVR ("hBVR*0. 

One fonn of hBVR has an amino acid sequence corresponding to SEQ 
IDNO: 1 asibllows: 



Met ASD Ala Glu Pro Glu Arg Lys Phe Gly Val Val Val Val Gly Val 



Gly Arg Ala Gly Ser Val Argf Met.Arg Aisp Leu- Arg Asn Pro His Pro 

is ''-.' ■ 20 ■ • 25 ;.. ■■ 30. . 

Ser Ser Ala Phe Leu Asn LeU He Gly Phe.Val Ser Arg Arg Glu Leu 

■ ■-35 • . '.40'.. . . .■ *5 

20 Gly Ser lie Asp Gly Val isin Gin lie Ser Leu Glu Asp Ala Leu Ser 

■ 50 ,.'• 55 . 60 



Ser Gin Glu Val Glu Val Ala Tyr He Cys Ser Glu Ser Ser Ser His . 

. 55.- ■ - -..70 . -'5 : 80 ■.. 

Glu ASP Tyr He Arg Gin Phe Leu Asn Ala Gly Lys His Vkl Leu Val 



Glu Tyr Pro Met -Thr Leu Ser Leu Ala Ala Ala Gin Glu Leu Trp Glu 
30 100 105 HQ 

leu Ala Glu Gin Lys Gly Lys Val Leu His Glu Glu His Val fSlu Leu 
■ 115 • 120 125 

35 Leu Met islu Glu Phe Ala Phe Leu Lys Lys Glu Val Val Gly Lys Asp 
130 135 140 



Leu Leu Lys Gly Ser Leu Leu Phe Thr Ser Asp Pro Leu Glu Glu Asp 
145 150 155 160 

Arg Phe Gly Plie Pro Ala Phe Ser Gly He Ser Arg Leu Tlir Trp Leu 
- 165 170 175 



Val Ser Leu Phe Gly Glu Leu Ser Leu Val. Ser Ala Thf Leu Glu Glu 
45 180 185 190 

Aro Lys Glu Asp Gin Tyr Met Lys Met Thr Val Cys Leu Glu Thr Glu 
195 200 205 

50 i-vs Lys Ser Pro Leu Ser Trp He Glu Glu Lys Gly Pro Gly Leu Lys 
210 ^ 215 220 . 



J 

I • 
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Arg Asn Arg Tyr Leu Ser Phe His Phe Lys Ser Gly Ser Leu Glu Asri 
225 230 V 235 240 

Val Pro Asn Val Gly Val Asn Lys Asn lie Phe Leu. Lys Asp Gin Asn 

'■5 ••■ ^245 - 250 • 255- 

lie Phe Val Gin Lys Leu Leu Gly Gin Phe Ser Glu Lys Glu Leu Ala: 
260 265 270 

10 Ala Glu Lys Lys Arg He Leu His Cys Leu Gly Leu Ala Glu Glu lie 
275 286 -285 

Gin Lys Tyr Cys Cys Ser Arg Lys 

.; ' 290 . 2:95' : " . . 

-15 " ■ ' ■ .. /; ;" 

Hetecologous expression and isolation of hBVR iis desmbeid in Nf aines et al,, Eur. J. 
^iachem. 235(l-2):3i72-381 (1996); Maines et al., Ar<A. BiochenL Biophys. 360(l):32O. 
326 (1 993), each of which is herd>y incoiporated by refin^eace in its oiitirety. A DNA 
moleade encoding this fom of hBVR 1^ 
20 ID NO: 2 as follows: 

ggggtggcgc ccggagctgc acggagagcg tgcccgtcag tgaccgaaga agagaccaag 60 

atgaatgcag agcccgagag gssiagtttggc gtggtggtgg ttggtgttgg cCgagccggc 120 

tccgtgcgga tgagggactt gcggaiatcca cacccttcct cagcgttcct gaacctgatt 180 

25 ggcttcgtgt cgagaaggga gctcgggagc attgatggag tccagcagat ttctttggag 240 

gatgctcttt ccagccaaga ggtggaggtc gcctatatct gcagtgagag ctecagccat 300 

gaggactaca tca^gcagtt ccttaatgct ggcaagcacg tccttgtgga ataccccatg 360 

acactgtcat tggcggccgc tcaggaactg tgggagctgg- ctgagcagaa aggaaaagtc 420 

ttgcaegagg agcatgttga actcttgatg gaggaattcg ctttcctg^a aaaagaagtg 480 

30 gtggggaaag acctgctgaa agggtcgctc ctcttcacat ctgacccgtt ggaagaagac 540 

cggtttggct tccctgcatt cagcggcatc tctcgactga cctggctggt ctccctcttt 600 

ggggagcttt ctcttgtgtc tgccactttg gaagagcgaa aggaagatca gtatatgaaa 660 

atgacagtgt gtctggagac agagaagaaa agtccactgt catggattga agaaaaagga 720 

cctggtctaa aacgaaacag atatttaagc ttccatttca agtctgggtc ctitggagaat 780 

35 gtgccaaatg taggagtgaa taagaacata tttctgaaag atcaaaatat atttgtccag 840 

aaactcttgg gccagttctc tgagaaggaa ctggctgctg aaaagaaacg catcctgcac 900 

tgcctggggc ttgcagaaga aatccagaaa tattgctgtt caaggaagta agaggaggag 960 

gtgatgtagc acttccaaga tggcaccagc atttggttct tctcaagagt tgaocattat 1020 

ctctattctt aaaattaaac atgttgggga aacaaaaaaa aaaaaaaaaa 1070 
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The open reading ftamewWA ra^ 1 extends ftom nt 1 to nt 

888. : ■ 

/ AnothCT fotm of hBVR has an amn^ 
5 ID NO: 3 as follows: 

Met Asn Thr Glu Pro eiu Arg Lys Phe Gly Val Val Val Val Gly Val 

^ 1 ■ ■•; 5 /-.lo :.vi^.: , ■'. ■ 

10 Gly ftrg Ala Gly Ser Val Arg Met Arg Asp I.eu Arg Asn Pro His Pro 

20. - 25 •, • , • 30: :,. ■ • 

Ser Ser Ala Phe Leu Asn Leu lie Gly Phe Val Ser Arg Arg Glu Leu 

15 ■ - ^ ■ 

Gly Ser lie Asp Gly Val Gin Gin lie Ser Leu Glu Asp Ala Leu Ser 

50- '. 55 . ■ ■.■■•60 ■ 

Ser Gin Glu Val Glu Val Ala Tyr lie Cys Ser Glu Ser Ser Ser His 

20 : 65 7o/ ■■75.-: ■■ ^;/.'.,- --8o:-- 

Glu Asp Tyr He Arg Gin Phe Leu Asn Ala Gly Lys. His Val Leu Vai 

■ ■85'' ■ 90" ■ ■95 '--. 

25 Glu Tyr Pro Met Thr Leu Ser Leu Ala Ala Ala Gin Glu Leu Trp Glu 
. 100 105 lio 

Leu Ala Glu Gin Lys Gly Lys Val Leu His Glu Glu His. Val Glu LeU 

115-.' 'l20V '.■ ■ 125: 

Leu Met Glu Glu Phe Ala Phe Leu Lys Lys Glu Val Val Gly Lys As^ 
' .130 ■ 135 140- - .■ ^ 

Leu Leu Lys Gly Ser Leu Leu Phe Thr Ala Gly Pro Leu Glu Glu . qiu. 
■ 35- -,145 ... .150 . 155 , ■ ■WO ■ 

Arg Ph^ Gly Phe Pro Ala Phe Ser Gly He Ser Arg Leu Thr Trp Leu 
165 170 175 
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val Ser Leu Phe Gly Glu Leu Ser Leu Val Ser Ala Thr Leu Glu _Glu 
180 185 190 

Arg Lys Glu Asp Gin Tyr Met Lys Met Thr Val Cys Leu Glu Thr Glu 

5 • " ■ 195 ... ■ 200 . • . 205 ■ . : ■ 

Lys Lys Ser Pro Leu Ser Trp lie Glu Glu Lys Gly Pro Gly Leu Lys 

210''-'. ' :215- :' ,220 . ■ . 

ip Arg Asn Arg Tyr Lfu Ser Phe His Phe Lys Ser Gly Ser Leu Glu Asn 

. ■ '225 ; ' • ■ .,230' ■ : ■. 235 _ , / ^ ' .-240 

Vai Pro Asn Val Gly Val Ash Lys Asn He Phe Leu Lys Asp Gin Asn 
245 250 ■ ■ .255 

15 ' ' ■■■ ■ ■ ' ' •• v'; 

lie Phe Val Gin Lys Leu Leu Sly Gin Phe Ser Glu Lys Glu teu Ala 

260 265 ■ 270 ■.; 

Ala Glu Lys Lys Arg He Leu His Cys Leu Gly Leu Ala Glu Glu lie 

20 • .' • 275 ■■■ 280 285 

Gin Lys Tyr Cys Cyis Ser Arg Lys . . 

290 ■ • ■295.' ..■ 



25 • 

Thb hBVR sequence is reported at Kira 

submission to ihe EMBL Data Ubraiy (1998), whidi is IwKtoy incxwpoi^ 
iefereiibeinits entirei5f. mffi^ 

hBVR pf SEQ IDNG: 3 are at aa residues 3, 154, 155, and 160. Thus, residue 3 can be 
30 either alanine or tbreomnis* residue 154 can be dther alanine or serine, residue 155 can 
be dther aspartic acid or glycL[^e, and residue 160 cm be 

glutamic aad. 

In addition, BVR fix>m other manimals, sudi as (rBVR), 
recombinantly expressed and isolated (Fakhrai et al., J. Biol. Chem. 267(6):4023-4029 
35 (1992), which is hereby incorporated by reference in its entirety). The rBVR of shares 
about 82% aa identity to the hBVR of SEQ ID NO: 1, with variations in aa residues 
bdng higjily conserved. 



As desraibed in greater detail in co-pen 
Serial No. 09/606,129 to Maines, filed June 28, 2000 (which is hereby incorporated by 
reference in its entirety), BVR is characterized by an amazingly large nunrf^ 
functional domains and motife, including without limitation: putative and/or 

5 demonstrated phosphorylation sitra fio^ 

49 to 54, aa58 tp 61. aa 64 to 67, aa 78 to 81, aa 79 to 82, aa 189 to 192, aa 207 to 209, 
aa2i4 to 217, aa 222 to 227, aa 236 to 241, aa 24f to 250. aa 267 to 269 or 270. and aa 
294 to 296 of SEQ ID NO: 1; a basic N-^taminal domain di^^ 
^ SEQIDNO: 1; a hydibphoWc domain characterized by m 9 to 14 of 

IQ nudeotidebindingdomMn<iaiacteM«dbyajal5to2^^^ 
oxidoreductase domain (iaracterized by 

spanning aa J29 to 157 of SEQ ID NO: 1; several Irinasfe motife^ 46, 
aa 147 to 149, and aa 162 lb 164 of SEQ ID NO: 1; a .Kudear localization sipial 
spanning aa 222 to 228 of SEQ ro NO: 1; amyristylali^ 
15 ofSEQIDNO: 1; a zinc finger domain spanning aa 280 to 293 of S^ 

several sidMtrate binding domains. 

/VWtbout being bound flietdjy, it is bdicved that 

changes in the «pr«ission levels of regulatory ceU cj^lean^ 

one or more Of several ways. Fkst, because BW has been iwwn to be a 

20 can regulate the activity of certain cell signaling molecules and, therefiw^ may 
indirectly modify expression levels of other ceU cycle and cell signaling proteins- 
Second, BVR has been slrown to regi^ate e:q>ression levels of protdns^^^ 
pc^sess an AP-1 binding site in ttie upstream regulatory control re^ons,^^s^ 
oxygenase. In iMs manner, BVR can direcdy increase expression of such gen« 

25 whereas BVRinhibition can decrease expression of such genes. 

As used heim, BVR variants and fiugments can be substituted fijr BVk 

dtha in \iAole or in part 

Fragments of BVR preferably contain the leucine-zipper motif as listed 
above and any suitable riudear localization signal, including the nuclear localization 
30 signal described above. Suitable Augments are capable of binding to the AP-1 binding 
ate(s) in the promoter region of genes whose expression are to be 
HO-1. Suitable fiagments can be imxhiped by several means. 



Subdohes of a gene encoding a known BVR can be pro^^ 
oonventioiial molecular genetic manipdation fijr su^ 

d<»cnW by Smobiook et Molecular Cloning: A Laboratory Manual, Cold Spiings 
Laboratoiy, Cold Springs Haibor, New Yoik (1989), and Aiisubd et tL (ed.). Current 
Protocols in Molecular Biolt^, Jphn^Tlcy & Sons (New Yolk, NY) (1999 and 
preceding editions)/eadi <tfwWdi is herdjy incorporated 

The subclones ibea are expressed in vitro or in vivo in bacterial cells to yield a smallo: 
protem or polypq>tide that (tan be tested for a parti 

to anotiber approach, based on Imowledge of the jprinMiry structure 6 
ptotdn, fiagments of a BVR gene may be synthesized using the PC». techhiqiw 
togedier with specific sets of priihas chosen to represent particular portions of flie 
piotdn. Eriidi etal., 5cf«ic« 252:1643-51 (1991), which is heid^ 
reference in its entirety. These cari tiien be cloned into an appropriate vector for 
dqwtession oif a truncated protein or polypeptide fiom bacterial cells as described 
above. For example, oUgomersofat least about 15 to 20 ntin lenglb c^ be s^^ 
ficmi die nudcic add molecdes of SEQ ro NO: 2 for use as primera^ 

to additi<m, diemical synfliesis can also be emp^^^ 

wdl known in. tiic diemistry of protdns such as solid phase synthesis (Merrifield, J. 

>k akem. ^oa 85:2149-21540 
its entirety) or syhlbesis m homogenous solution (Ho«d)^^ 

diemis^, ed. Wansdj, Vol. 15. 1 and H Thieme, Stuttgart (1987), whldi is hxxOiy 
tocoiporated by reference m its entirety). 

Exemplary firagmimts iricludeN-temiiiial,mtiand,aii^ 
fiagments thsd possess a functidnal leudne zaiiper motif alone or in combination with 
other mbtifii,sudi as a nudear localization ag^ 

V^ante of suitable BVR protdns or polypeptides can also be 
expressed. Variante inay be nuule by, for example, the n 
of ammo adds that have dther 0) minimal influence on certain pnyperties, secondary 
structure, and hydropathic nature of die polypeptide or (ii) substantial effect on one or 
more properties of BVR. Variants of BVR can also be fiagments of BVRtihat mdude 
one or more deletion, addition, or dteration of ainmo adds of the type desOTbed 
above. The BVR variant preferably contains a deletion, addition, or alteration of anuno 
adds withm one of die above-listed functional domains. The substituted or additional 
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annno adds can be citJxer l^ainino acids, D-an^ 

preferably L^amino adds. Whether a substitution, addition, or deletion results in 
modification of BVR variant adivity may dq)en4 at 1^ 
altered amino add is conserved Conserved 
5 molecdarwdght or charge and/or polarity of Rgroi5>s, aridity, basidty^ 

. of phdi^ groiq)s, as is known in the art 

Exemplary variants include the protein or polypeptides of SEQ. ID, Nos. 

1 and 3, whidi Imve single or mvdtiple amino add residue substitutions,^ m^^ 

without linutation, SEQ ro NO: 1 as modified by one or more of tiie foUoM^ 

10 >«mations: (i) 01/^ Ala within flie nucleotide binding domain 

one of flie Idnas^ motife, (iii) <^'* Ala witiiin a siib^ 

Lys'^His" Ala-Ala wifliin the oxidoieductase moti^ (v) G^LKRNR^ VIGSTG 
within tiie iiuclfcar localization signal, and (vi) Cys"* Ala within tiie zinc finger dooMin, 
and at the C terminus wtiun a substr^ 

IS inhibitory domain). 

Variants mity also indude, for exampK polypeptide conjugated to a 
signd (or leader) sequence at the N-tenninal end of the p^ 
or post-tianslationaUy directs transfer of tiie prote^ 
conjugated toa link« or otiiCT sequence for ease of 

20 ide^tifi(atioI^ortilerapdJticuse(Lfc^ 

Another variant type of BVR is a fuatm polypqjtide ^ 

fragment of BVR containing die fimctional leiidne zipper motif (birt 
endogenous nuclear localization signal) and afimctipnal nuclear loodizi^ion sig^. 
The fusion protdii cm be expressed or syn&esized using 1^ 
25 A number ofnuclear localization aguais have been identified in 

utilized in combination with tiie ftagmemt of BVR to obtadn th^s forira protdh, whidi is 
targeted for uptake into tiie ceU nucleus followmg its introduction into 
ceU cycle or ceU signaling pathways are to be modified m accoirdanoe w 
. invention. Production of chimeric genes encoding sudi fasion proteins can be carried 

30 out as desaibed zn^a. 

The BVR protein or polypeptide (or fiiagment or variant thoeofj can be 

recombinantiy produced, isolated, and then purified, if necessary. When recombinantly 
produced, the biUvddin reductase protein or polypq)tide (or ftagmeot OT 



Hiereof) is expressed in a recombinant host cell, typically, althou^ not exclusivdy, a 
prokaryote. 

V/hen a pibkaiTOtic host cdl is selected 
tfie piombter re^on used to donstmcft flie recomlb^^ 

diould be appropriate for the particular hcwt The DNA seq^jciwes of eukaiyotic 
promotas, as described infia for expression in eiikaryotic host cells, differ ftom those 
of prokaiyptic promoters. Eukaiyptic promoters and accbmpaiqnmg genetic^^s^^ 
may not be recognized in or iMy not fimctiori in a prokaiyotic sj^ 
piokazyptic promoters are iwt recognized and do nbt function in eukaryotip cdls. . 

Similarly, translation of mRNA in prokaiyotes dqtoids iqxHi the 
presence of die proper prokaiyotic signals which differ fixnn those of eukaryotes. 
Effident traMlaticm of inRNA in prokmyotw requires a ribosome bi^ 
the Shine-Dalgamo C WO sequence on the mRNA. This sequmce is a s^ 
nucleotide sequence of mRNA that is located before flie start oodon, usually AUG, 

encodes the amino-terminal methionine of flae protein- The SD sequences are 
complementary to the 3'-end of the 16S rRNA (libosomal RNA) and probably promote 
Wnding of mRbiA to ribosomes by duplexing. With tiie rRNA to allow correct 
positionmg of the libpsome. For a review on maximiang gene e^qinession, see Roberts 
miLaaa, Methods in Etayn^ 68:473 (1979), which is hfiid>yinooq>prated by 

. reference in its entirety. 

Promotes vary in fliek "straigfli'' (i,fc, 
transcription). Farflie puip<^ ofexpressingaclonedgene, ftisdcsirpbl0tQ 
strong promotes in oider to obtain a high levd of transscription and, heiioe, expresaon 
ofthegede; Depending iqwn the host ceMsyst^ utilized, any one of a 
suitAie promoters may be usei For nista^ 
bacteriophages, or plasniids, pnimotera sudi as the T7 phage pn>mote, 
trp pranoter, recA i^omoter, ribosomal RNA prombtor, the Pr and Pl promotos of 
coliphage lambda and others, mclu<hng but not limited, tp>cUV5, on?pF, fciot, (rp, and 
the like, may be used to direct high levels of transcription of adjacent DNAspgmaits. 
Additionally, a hybrid trp-lacUV5 (tad) promoter or other £. 00/1 promoters produced 
by recombinant DNA or other synthetic DNA techniques maybe used to prpvid fcr 
transcription of the inserted gene. 



Bact^dinstcdl strains and dqpressionvect^ . 
inhibit tile action of the pnmoter unless spedfically induced, in certain opomis, the 
addition of spedfic inducers is necessioy for ^deot tcanscription of flic instated . 
DNA- Fbr ejfample, Ae fac operon is iiiduced by flie a^ 
(isopropyltixio-beta-D-galactosidc). A variety of other opewm^ sudi as ft^^ 

are under different controls. 

Specific initiation signals are also required for effidait ^ne 

transcription and translation in prokaryotic cells. These transcription and translation 
initiation signals may vary in "strengfli" as mieasured by the quantity of ^e^>edfic 
messenger RNA and protein syndiesized, respectively. TTie DNA expiession yectdr, 
Wfaidi contains a jromoter, may also contain any combination of various *^strong" 
trai^cription.and/or translation initiation sig^ials. For instance, efBd^t translation in 
E. coli requires a Shine-Dalgamo ("SD") sequence about 7-9 bases 5* to flie initiation 
ood<m rATG^ to provide a ribosoniebindi^ Thus, any SD-ATQ combination 
fl^ can be utilized by host cell ribosoines m^ be employed. Suii^ coinbinations 
iidude, but are not limited to, the SD-ATG combination fiiom the cro gene or ^ 
gM6 of coUphagp lainbdi or fiom the 
AddtionaUy, any Slj^ATG oombinalioniHpduced by 

techniques involving incoiporiaBtion^^ 

MamtiiiiKan cells caiii alaobe used to icoonibiiiantty ppoduce BVR or 
fiagmeob or variants Aereol Mammalian cells suitable fx cmrpag out present 
invention bchjd^ among others: C»S (e.g^ 

(e.g., ATCC No. CRL 6281), CHO (ATCC No. CCL 61), HeLa (e.g.. ^TCC No. CCJ- 
2), 293 (ATCX: No. 1573), CHOP, and N^l icells. 

Suitable eaqwession Vectors for du»cting^e^ 
genCTaDy include a pKffliottt, as wdl as ptiier triansct^ 
sequences known in flie art Common promoters include Sy40, MMTV; 
metallotbionein-1, adenovirus Ela, CMV, immediate eariy, iminunoglob^ heavy 
chain proinoter and oihancer, and RSy-LTR. 

Regardless of the selection of host cell, once flie DNA molecule oodinjg 
iSjr a biliverdin reductase protein or polypeptide, or fiagment or variant tiiereo^ has 
been li^ed to its appropriate regulatory regions (or chimeric portions) using well 
known molecular cloning techmques, it can then be introduced into a suitable vector or 
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othormse mttodiic^d dire^ 

known in the art (Sambrook ct al.. Molecular Cloning: A Laboratory Manual, Second 
Edition, Cold Spikg Harixir Pies^ 

5 When an expression vector is used for purposes of in vhv.tcansfoimatioii 

to induce or inhibit of B VR expression in a target cell, promoters of varying strength 
. can be employed dq>endm 

of skill in the art can readily select appropriate mammalisan promoters based on their 
strength as a promoter. Alternatively, an inducible promoter can be enq>lpyed for 
10 pxnposes of controlling when expression or suppression of BVR is deshed. One of skill 
in the art can readily select ap pi ropri ate inducible mammalian iwxwnoters fixmi tfiose 
kfiown in the art Finally, tissue specific mammalian promotes can be selected to 
restrict &e efficacy of any gene transfonnation syirtem to a particu^ 
si>ecific prauKJtCTS are known in the 

15 ^Tpe to be treated 

The recombinimt molecule can be introduced into host cel^ 

transfonnation, particukriy transduction, oonju^on, mobilization, of electioporatioii. 
SuitAle host ceUs iricliide, but are not limited to,^ 
ceUs^ insect, plant, and the like. The h^ 
20 are cjpd>le of expressing flie biUverdm 
can then be isolated therefixKn 
fegment or variant thereof is prefCTably pr^ 

d)OUt 60%, more preferably 80%, pure^ 

A furtha" aspect of the pic^ 
25 add molecule capable of hybridizing with a^^ 

BasicaUy, the antisense nucldc aidd is exprcssed^fi^ 
Hgation of a DNA molecule, coding for BVR. or a ftag^ 
expression vector in reverse orientation with respect ^to 

sequences. Upon transcription of the DNA molecule, the resulting RNA molecule will 
30 be complementary to the mRNA transoipt coding for the actual protein or polypeptide 
product ligation of DNA molecules in reverse orientation can be performed acoordiiig 
to known techniques whidi are standard in the art 



Such antisense nucldc add molecules of the i^^ 
gaie ther^y to treat or prevent various disordors. For a discussion of the rqgulatioii of 
geae expression using anti-sense genes, see Weintraiib et al., RiBviews-Trends in 
Genetics, 1(1) (1986), which is hcsreby incorporated by refierimce in its «tire^. As 
discussed infray recombinant molwules including an antisense sequence or 
oligonucleotide ftagment tiiereo^ may be directly introduced into ccUs of tissues in vrvo 
using delivery vehicles such as retroviral vectors, adenoviral vectors and DNA virus 
vectors. They may also be introduced into cells in vivo uising physical techniques such 
as microinjection and electroporation or chemical methods such copredpitatioii an4 
incorporation of DNA into liposoines; 

As noted above, the present application allows for the upn^iilation or 
downregulation of cell cycle proteins and cell signding proteins by mpdi^dng the 
levels in cdls. 

Exemplaiy cell signaling prpteins that can be iq^regulated by BVR or 
fragments or variaiits diereof indude, wifliout limitation, cn*-2, bfl-1, IAP-1, IAP-2, 
pl6Ink4, beta-casdn, p450XIX, GADD45, HIP and RPL13. These and other prptdns 

are ^0"^ ^ 'I*^^^ ^ • 

Exemplary c^U dgnalihg proteu^ 

fragments or variants thereof indude, without limitation, p27Kipl, plSIiik2b, pi8 

(cdk4 mhibitor), CDXl, FASN and Stta6. These and oflier protdns are shovm in Table 

1. • V" . . V ■ ■ . ■; • : • ■ •■; . 

ExOTiplary ceU cycling protdiis that ctobe lq[>refi|ulated by BVR or 
fragments or variants th«eof indude, without limitaticni, cydins A, El m^ E2, 
CT>K15a,CDC7,cdkl,c<ik2,aik8, C3cs2, Gkslp9/Chill, 

MAD2L1, MGM6, Rbxl, andbeta-actin. These and other protdns are shown in tab! 

2. .. ' \ . ■ • • ■ ... ■ ■ ; 
Exemplary ceU cycling proteins tM call be downregd r 

fragments or variants thereof include, without lunitation, RADSO, odk4, CDKI O, and 
RPL13A. These and other proteins are shown in Table 2. 

By virtue of BVR-induced up- or down-regdation of the above-lis^ 
cell signaling proteins and cell cycling proteins, it is believed tiiat regulation of BVR 
levds in cells can thereby modify cell signaling and/or cell cycling events under their 
control. As a result it is believed that cellular BVR levels can treat or prevent disease 
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conditions or disdidere that involve one ormo^ 

disease conditions or discmlers are described in the siAjsequent sectiras Aat address Ae 
fijncfions and padi^ 

••5;v ' 

Pevelopmoit as well as maintenance of many adult tissues is adbieved 

by sev«al d>TiainicaUy regulated processes that indude c^^ 

differentiation, and programmed ceU deafli. Oltvai et al' , Ce// 74:609-619 (1993) 

noted tha^ in die lattd: process, cells are eliminated by a hi^y cbarac^ieristic suidde 

10 program called ai)optosis. The best-defined genetic pafliway of ceU death exists in die 
nematode Caenoihabditis elegans. Two autosomal recessive dealh effector genes, 
c^-3 and ced-4, are required for die deafli of all 13 1 cells destined to die during 
woim devdopmenL Chie autosomal dominant deafli rqiressor gene, c^^ 
those cells in its gain-of-fimction fonn. This impUes tiiat bodi effe 

15 gen« also exist witiuni each mammaUan cdV deaflx palhway. BCL2 is one sudi 

mammalian geDe;that has been identified; it functions as arqiressor of programmed 
cdldeallL 

OlMdet d., CW/ 74:609-619 (1993) diowed fliat 
vivo widi a 21-ldC> program partner, Pax. Bax diows extensive amino add hcnnology 
20 with BCL2 and fiwms homodimds and hetenxlimeics with BCL2 in vivo. When Bax 
jtfedominates, piogranmied cdl deafli is accele^ 
bf BCJ-2 is coimtered. ITidr findmgs surest a mpdd in w 
Bax ddennines suhivd or death foflowmg an a^^^ 

ilie Bax gme pvtnnoter region contains 4 moti^ witti homplogy to 
25 consensus p53-bindiiig sites. In cotransfection assays using; p53-defidegt tumor cdl 
lines, Nfiyadrita and Reed, Cdi 80:293-299 (1995) found t^ 
p53 expresdon plasmids tranisactivated a r^itor goie plasmid that utilized the Bax 
gene promoter to drive transcription of ddorampheniool acetyltransferase. 
hitioduction of mutations into this consensus p5 3-binding ate sequaicra abbli^ 
30 p53 responsiveness of the reporter gene plasmids. Taken to^er, flie results 
suggested that Bax is a primary-response gOTe for p53 sEmd is involved in a p53- 
i^ulatedpatiiway for induction of apoptosis. 



Apte et di, G^into 26:592-594 (1995) isolated a Bax d>N^ 
in v^ch die mBKA eaeoded by easoni 3 was absent The skiiiping of exon 3 predicted 
the existence of an inteistitiaUy truncated foi^ of the major Bax protein (Bax-alpha). 
tenned Bax-delta. Unlike 2 piwiously described variant forms, Bax-ddta retains the 
functionally critical C-teraiinal membrane andior region, as well as the BCL2 
homology 1 and 2 (BHl and BH2) domains. 

Caiton etal., /film. M)fec/ Genet 11:675 
eaqwession of Bax k 55 patients with gUoblastonw midtifonn^ the mo^ 

a^cessive form of brain tumors. The authors identified a novel form of Bax, 
designated Bax-psi, wMdi was present in 24% of the patiente. Bax-pa i^ 
tenninal truncated form of Bax which resvdts fiom a partial deletion of exoh 1 of Uie 
Bax gene. Bax-psi arid the wildtype form, Bax-alpha, are encode 
mRNAsj bofli ofwMch are present m normal tissues. Glial tumors eiqwessed either 
Bax-alpha or BaX'i)si proteins, ant^jpareotconsequaiceoif anexdusivetransraiption 
offliecoire^dingmRNAs. The Bax-psi protein was preferentiaUy localized to 
mitodiondiia and was a moie powerful inducCT Bax-psi 
tumors exhibited dowfxprolifeiatigri in Swiss nnde^M 

dicumvented by theiboej^ression of the BCL2 transgene, the fimctionall antagonist of 
Bax. The cjcpressioii of Bax-psi correlated with a longer airvival in pleats (18 
monlhs >^sus 10 mdnths for Bax-alpha pa^ 

benefidal involvement of the psi variant of Bax in tiimpr.progression. 

Diiring transduction of an jqwptotic signal into (h^ 
alteration in the pomeabiUty of die membranes of flie cell's nutodumdria, yMdit 
causes flie1ranslo<ation6f the ajwptogenicprotdn cytochrome c into flie<^^ 
which in turn activates dealh-drivingittoteolytic proteins Imown as The 
BCL2 femily of proteins. Whose membos may be antiiq>optotic or pro^Kiptotic, 
regulates cell death by controlling this mitochondrial naembranejiermeaibility during 
apoptosis. Shimizu et al., Nature 399:483-487 (1999) created Uposomes that carried 
the mitochondrial porin channd VDAC to show that the recombinant pro^wptotic 
proteins Bax and Bak accelerate the opening of VDAC, whereas the antiapoptotic 
protein BCLXL closes VDAC by binding to it directly. Bax and Bak aUow 
cytochrome c to pass through VDAC out of Uposomes, but passage is prevented by 
BCLXL. hi agreement with this, VDACl-defident mitodiondria fiom a mutant yeast 
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did not ffldnWt a Bax/Bak-induoed loss m meml^ 
release/both of wWdi w«c inhfljited by BO^ 
(1999) coiiduded that the BCL2 

regdate the nutodiondrial membrane potentid and the of cytodarane c dming 
5 qxyptosis. 

To assess the role of Bax in drog-induced ^ptosis in human 
color^ cancer ceUs (HCTl 16 cells), Zhang et al., Science 290:989-992 (2000) 
graienited cells that lacked functional Bax genes. Such cells were partially resistant to 
Ihe apoptotic effects of flie chemotherapeutic agOT^ 

10 not dwlished. toWrast, the absence ^^^^ 

i^ponse to the AOTOpreveotive agent sulindac and oA^ 
apti<*'fl«tntn«tory dnifB mSAIDsV NSAIDs inhfljlted the expi^oh of the 
antibiotic piotrari BCOQU resulting in an alt^ 
s,ibsequeotinitoaiondria-ih 

15 thOTicsdtse^Manuniambig^K^ 
qrithdial canceis.and nuQf have ^ 

Stwfies of Bax-defiraait nuce inidica^ 

molecde can function as a tumor w^CTWss^ 

91:^1-2997 (1998) cawHiiined human hematcrpoietic nudigoandes and found that 
20 appioximatdy 21% of lines possessed mutatioii^^^ 
die acute lynqAoblastic leukemia suteeL 

iiiseitions or ddetions within a deoJQrguanosme (G8) tract, resulting in i proximal 
fiameshiftahdlossofuninunodetectableBaxprotdi^ Ottier Bax mutiants bote sihgj 
amino add substitutions wthin BHl or B!B d^^ 

25 ofprotemdhnerization,andhadl6stdeath-prOTiotingacti^^^ 

The pio^ptotic Bax protdn induces Mil deafli le ading on Ae 
mitochondria Bax binds to the permeabiUty transitiioh pore conq>l« 
composite proteaceous channel fliat is involved in the regidation of 
membrane peimeabiUty/Maizo et al.. Scfemrc 281:2027-203 

30 hnmunodepletionofBaxftomPTPCorpurificationofPTPCfiomB«^^ 
mice yielded a PTPC that could not penneabilize membranes in response to 
atnurtjdoside, a proqxJptoticUgand of the adenine nucleotide tran^ 
Bax and ANT counmunopredpitated and interaded ill the yeast 2-hybrid system.^ ^ 
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Ertopic e35>ression of Bax induced 

yeast Recombinant Bax and purified AOT 

fcmned atractyloside-responsive channels in artificial membnuies. Hence, the 
proapoptotic molecule Bax and the constitutive mitochondrial protean ANT cbopoate 
5 within the PTPC to increase mitbchbndrial mCTihranepemieability and tp trij^o* cell 
■ d^^th. " : • 

The caspase-activated form of BID, tBID, tri 
homooUgommzation of multidomain conserved pro^ptotic^fi^ 
CM" Bax, resulting in the release of cytochrome c fiom mitodio 

10 5c/e/ice 292:727-730 (2001) found that cells lacki^ 

laddng only one of these components, are completely resistant to tBID-induced 
cytochrome c release and apoptoas. Moreover, doiAly defident ceUs are resistant to 
multiple apoptotic stimuli that act through disruption of mitochondrial fimction: 
stfanosporine, ultraviolet radiation, growth fiw?tor deprivation, etoposide, and the 

15 endoplasmic reticulum stress stimuli th^sigargin and tunicamycin. Thus, Wei et al. 
(2001) concluded that activation of a •mvdtidomain' proa^^ 
Bax, app^ to he an ^sentid gateway to mitochondrial dys^ 

death in response to 4iye^ 

Polyc^lic aromatic hydrocaibohs (PAHs) are toxic chemicais released 

20 into Ae chvironment by fossil fiiel combustion. Oocyte destruction and ovarian 

Mure occur in PAH-treatcd inioe^ and dgffl 

womcri. in many ceUs, PAHs a^ 

member of fl» Per-Amt-Sim fiunily of transcription Actors. The AHR is also 
activatedbydioxih, one of the most intensively studio 

25 MatikMneniSrflftire Genet. 28:355-360 (2001) demonstrated that exposure of mice to 
PAHs induces the expression of Bax m op 
damage caused by PAHs is prevented by Ahr or Bax ii^ 
miCToinjected with a Bax promoter-rqporter construct show AhrnlependeDt 
transcriptional activation after PAH, but not dioxin, treatmmt, consist 

30 findings that dioxin is not cytotoxic to oocytes. This difference in the action of PAHs 
versus dioxin is conveyed by a single basepair flanking each Ahr response element in 
the Bax promoter. Oocytes in human ovarian biopsies grafted into immunodefident 
mice alsoiuxnraiulated Bax and und«wCTt ^ptosis 



Thus, AHR-driven Bax transcription is a novd and evolutionarily conserv^ ceU- 
de^ signaling pathway responsible fiw envlKmmen^ 

'.fidhore.' • 

To investigate the relatibn^P iietwben i^opto^ 
system in tfae.lniman ctnpiis luteimi, Sugino et al., J.. (Xn:JSn4ocr. MeU^. 85:4379- 
4386 (2000) examined flic fiequency' of q>optosis and raipression of BCL2 and Bax in 
the poiptu luteuiin during tiie mem^^ 

Immunoiiistpdi^mistiy revealed BCL2 raqxression in ^e luteal cdls ii| flie midhiteal 
phase and early pregniancy, but npt in die regressing corpus luteum. In odotns^ dax 
immimostaining was olxsoved in flieregressing 
midluteal phase W early pr^jaancy. T^e BCL2 

during die menstrual <qrcle were hi^est in the mlidluteal phase eind lowest in tiie 
regressing corpus luteuuL In &e corpus luteum of early pregnancy, BCL2 mItNA 
levds were significantly hi^er than those in the midluteal pihasie. In ccmtraslt, Bax 
mRNA levels were hi^est in the regressing corpus luteum iand remarkably low in Ae 
corpus luteum of «ariy prqgnancy; "When corpora lutea of the midluteal phase were 
incubated with CG, CG significantly increased themlUt^A and protdn levds of BCL2 
and significantly deCTeasai ttiose of Bax. Sugino et aL (2000) concluded fliat BCL2 
and Bax may play important roles in the regulation of the life span of the human 
corpus liiteum by controlling the rate of ^ptosis. CG may act to prolong the life 
span of lN corpus luteimi by inoeasing BCI4 oqpiressio^ 

expression when pregnaopy occurs. 

LeBlancd d., JNrattireMedl 8:274-281 (2002) demons^ 
can be essential for death receptor-mediated apoptosis in cancer cdls. Bax-defident 
human colon cardnixaita cdls were resistant to death-rpceptor Uganda, whereas Bax- 
expressing sister clones were sensitive. Bax was dispensable for apical dealh-fepeptor 
signaling events induding caspase-8 activation, but criidal fiar mitodioiidrial dianges, 
aiMl downstream caspase activation. Treatment of colon cancra cells defid«rt in 
DNA iri«»«*'^^ r^air witfi fiie TRAIL sdected in vitro «r in viwfor jre^^ctCRry 
siibdones with Bax fianieshift mutations inchiding deletions at a novd ate. 
Chemotherapeutic agoitsupregulated expression of the TRAIL recq>torDR5 and the 
Bax homolog BAK in Bax V- ceUs, and restored TJLAIL senativity in vitro and 
vivo. Thus, Bax mutation in mismatdi repair-defident tumOTS can cause resistaiK» to 
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death recq^tor-tai^eted tfaera^ 
semitiyity. 

Giw 

ooixnmiuiopredintatedwifhhiii^ 
5 Alzlieimer disease-assodated iii^ 

ncnuons iGrom Bn^ Humanin prevented the transloc^ 

fix)m the cytosol to flie initochondna and suppressed cytodirome c release. Gilo et al. 
(2003) noted that the predicted hurnanin peptic . 
and flie mitodiondrial-encpded peptide were both able to bind Bax and prevent 
10 apoptosis. Hie authors suggested that the HN gotte arose from mitodiondria and 
transferred to flie nuclear genome, providing a protective mechanism for additional 
organdies^ 

Cancers of the microsatellite mutator phmotype (MMP) show 
exaggerated genomic instability at simple repeat sequences. The human Bax gene 

15 contains a tract of 8 consecutive deoxyguahosines in the flurd coding exon, spanniqg 
codons38to41. To detennine whether flris sequence is a mutational target in 
MMP(+) tumor cells, Rampino et al.. Science 275: 967-969 (1997), amplified by PCR 
the region containing tiie (G)8 tract fiom various MMP(+) tumor cell lines. This 
analysis revealed band shifts, suggestive of 1-bp insotions and deletions in some of 

20 these tumor cells. Homozygous (or hemizygous) frameshift insertion or deletion 
mutations in Bax were found in nitdtiple primal^ 

oolcnectal cancer cell lines. The resiiltirig frameshift was ttiougjht to interfiere with the 
suppressor role of ttie wildtype Bax g^e. Ramirino et al (1997) noted that colon 
tumors of the NQ^ type typicaUy do not contain pSS m 
25 those of ihe suppress pathway. Once flie MMP is manifested (after the occurrence 
of mutator mutations ill, for example, nusmatdi ^ 

(G)8 hotspot would be more likely to occur than other ftiameshift or miissense 
mutations in pS3. In tumor ceUs with frameshift Bax mutatioiis,tr 
activatiQtiofBaxbywildtypep53 would be irrelevant Ihcanpa: ofthe MMP>the 
30 generation of thousands of DNAriusmatcfaesduririgeveiy rep 

MMP(+) tumor ceU may trigger the p53-mediated apoptotic response to^ 

damage. But the response would be ftitile because the chain leading to apoptosis is 

broken in a downstream link. Therefore, Rampino ct al. (1997) speculated that Bax 



■.-•19-. 

mutatiozis eliniiim^ 
tmnoxig^esis. 

Female maiiimal$ are endowed wifh a finite number of oocytes: at biidb^ 
: each enclosed by a sioglei lay^ of somatic (granulpsa) cells in a primcndial fpllide. 
5 The fate of most follicles is atretic degeneiation, ai process 1^ ailmiiwtgis in near . 
exhaustion of th^ oocyte i^erve at approximately the 

leading to menopause. Apoptosis has a fundamental role in follicular atresia, and 
several studies had indicated that Bsc, which is expressed in boA granulosa cells and! 
oocytes, may be central to ovarian cell death. Perez et al,. Nature Genet 21 :200-203 

10 (1999) showed that young adult female mice homozygous for disnq>ti(m of the Bax 
g«ie, (Bax -/-), possessed 3-fold more primordial follicles in their ovarian reserve 
than their wildtype sisters, andtfaatdiis surfeit of follicles was maintaitied in advanced 
chronologic age, such that 20- to 22-mohdi-old female Bax -/- mice possessed 
hundreds of foUicles at all developniental stages and ^chibited ovarian steroidHjriven 

15 uterine hypertrophy/ These observatioiis c^^ 

atrophy seen in aged wildtype female niice. Aged female Bax -/- mice failed to 
bec<^e pregnant when housed wifli young adult males; however, metq>hase II - 
oocytes could be retrieved fix>in, and corpora lutea formed in, ovaries of aged Bax -/- 
fcsmdes foUowing superovul^ exogenous gonadotropins, and sonie oocytes 

20 were competent for in vitro fertilization and early embrypgenesis. Hiereforie, ovarian 
lifespan could be Steaded by sd^ctively disrupting Bax function, but otlier wpedts of 
' normal repitxluctive performance reuMtined 
The centrd nervous system 
pronounced defect in apojptosis induced by genotoxic stress, suggesfting ti^ ATM 

25 functioris to elimiriate neu^ witii excessive genomic damage* Chong; et al., iVoc. 
NaL Acad, ScL 97: 389-894 (2000) reported that die death effector Bax is required for 
a large proportion of Atm-4ependent apoptosis in the devd^ 
radiation (IR). Although many of the same ro^ons of the CNS in bbfii Bax -/- and 
Atm -/- mice were radioresistant, mice nuUizygous for both Bax and Atm showed 

30 additiond reduction in IR-induced apoptosis in flie CNS. Therefore, altiiougli die 
major IR-induced apoptotic pathway in the CNS requires Atm and Bax^ a p53- 
dq)endent collateral pathway exists that has both Atm- and Baxrindq)en 
brandies. Furthermore, Atm- and Bax-dependent apoptosis in the CNS also required 



caspase-3 activadon. These data implicated Bax and caspase-3 a$ deatti effecbis in 

ncurbdegeaierative pafliways. 

Proapoptotic Bci2 family maarf)eral^^ 
ceattai role in regulating aptoptosis, yet ioaioe lacking Bax display limited phoiotyinc 
abnoimaUties. Lindsten et al., M)/cc. Cfe// 6:1389-1399 (2000) fovmd that Bdc 
mice wCTe developmentally normal and reproductiyely fit and ftiled to develop any 
age-relied disorders. However, when Bak-defident mice were mated to Bax- 
deficient mice to create mice lacking both genes, flie majority of Bax-/- Bak-/- 
animals died perinatally, with fewer than 1 0% surviving into advdihood. Bax-/- Bak-/r 
mice displayed multiple developmental defectey including persistence of iiiterdigital 
wd>s, an imperfinateVai^nal canal, and accumulation of excess cells widiinbofli the 
central nervous aiid hematopoietic systrans. Thus, the authors concluded that Bax and 
Bak have overlq>pinjg roles in the regulation of qpoptosis during m a min alijm 
devdopnient apd tissue homeostasis. 

Scoitano et al.. Science 300:135-139 (2003) found that mouse 
emhrjramc fibroblasts deficient for Bax and Bak had a reduced resting oohceiitration 
of calchnn in the endoplasmic reticulum ^ER) that resulted in decreased uptake of 
cdcium by mitochondria after calduni release ftbm die ER. ExpresaOnof SERCA 
(sawxiplasmicreodoplasmc reticulum caldum adenosine triphosphatase) coniBcted ER 
caldum ooncoitratiQn and mitochondrial <^ 

restoring qioptotic death in response to agents tihat release calchim fiom intraodlulair 
stores, such as aradudonic iwad, CZ-ceramide, and oxidative stress. In pontrBSt, 
taigeting of Bax to mitochondria sdectivdy restored apdptosis to "B signab. 
A third srt of stmnili, includmg niany intriiwic ^gnals, required both ER-rdeased 
caldum and the presoice of mitochondrial Bax or.Bak to fully restore q>optosis. 
Sconano et al. (2003) concluded that Bax and BAK operate in both the ER aiid the 
mitodiondiia as an essential gateway for selected apoptotic signals. 

Garda-Bairos et al;. Science 300:1155-1 i59 (2003) investigated the 
hypothesis that tumor response to radiation is determined not only by tumor cell typ 
but also by microvascular sensitivity. MCA/129 fibrosarcomas and B16F1 
melanomas grown in apoptosis-resistant 'add sphingomyelinase' (asmase)-defident or 
Bfflc-defidoit mice displayed markedly reduced baseline microvascular endothelial 
i^)optosis and grew 200 to 400% fiister than tumors tm wildtype miax>vasculature. 
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Thus, Garda-BaiTOS et ai (2003) 00^ 
hpmeostatic factor regulating angJogenesis-4q>^ 

tuihpis exhibited reduced endothelial apoptosis upon irradiatibn and, nidike tumors in 
wildtype'mioB, tiiey were resistant to sinjgle-dcMie radiation to 20 Gy. Garda- 

5 BaiTOsetal^(2003)ooncludedfhkWcTOvi^ 

rKpoBse to radiation at the clini«ny relevant doM 

Rampino et al.,5cfew» 275:967^969 (199^ 
(21 of 41) of human MMP(+) colon adenocarcinomas they exammed had fito 
mutations in a tract of 8 deoxyguanosines within the Bax gm^ 

10 exon, spanning cbdons 38 to 41v These mutations were ab 

were significantly less frequCTt in G8 tracts fit)mpflier Frameshift mutations 

were piesent.in both Bax alleles and some MMP(+) colon tumor cell lines and in 
primary tinnocs. These results suggested that inactivating Bax mutations are selected 
fiir duriiig the progression of cplorectel MMP(+^ 

15 geneplaysasuppressOTroleinap53-indq>«deqtp 

cardnogBoesis. w 

In a patient lyith T-cell acute lymphoblastic leukenu^^ 

91:2991-2997 (1998) found a gly67-to-arg n^ 
111 ^pveral ceU Ikes from patira^ 
20 leukemia, Mdjcrinket id., J?/<wk/ 9 

r^idues tom a simple tract of 8 such residues encompassmg codcms 38 to 41 of the ; 

.Baxgene. 

. BFL-1 

Programmed ceU death (sqpoptosis) play^ 
develcqiment, deletion of autoreactive T lymphocytes, and homebstasi& Geaes 
regulating apoptosis include p53, a tumor siqjpressor gene, *iifYC, a im>toonc(^g^ and 
BGI2^ Lin et al., J. /mmuiL 151:1979-1988 (19^^^ 
sequence, designated BiEI4-related protein Al (Bfl-1) by 

member of the BCL2 family of apoptosis regulators by flie predicted piotem sequence. 
Lin et al , 87: 983-992 (1996) demonstrated that the Al protein, althou^ 
regulated dififercntly fix)m BCL2, has similar antiapoptoti^ 



25 
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genifiom hintfan fetal Uvcr. Homology 

striking. Bfl-1 is abundantly expressed inbone marrow and at alow level in some . 
other tissues. A correlation was noted between flie ^qiression level of Bfl-1 and the 
5 developmmt of stomadi cancer in 8 sets of cUnical samples. Choi et aL (1995) 

speculated tihat Bfl-1 is involved in the promotion of cell survival during deyelopmot 
or progre^ion of stomacii cmcdr. Choi et al.. Mammalian Genome %: 781-782 (1997) 
showed that Bfl-lis the human homolog of murine Al • 

D'Sa Eipper et al., Cancer Res. 5iS:3879-3882 (1996) showed Aat the 
10 Bfl-1 protein suppresses apoptosis induced by the p53 tumor suppressor protdn in a 
maimer similar to other BCL2 family members. The Bfl-1 gene showed a dominant 
cooperating oncogenic activity with th^ El A oncogene in tram 

rodent q>iflielial cdk. 

Using mast cells fiom wildtype and Bfl-l-defident m^ 

15 £q7:Jl/edl 194:1561-1569 (2001) showed^^ 

mast cells in lung, and spleen. Bone marrow-derived mast cells fixm normal mice 

ejqiressed Bfl-1 ato activation anc^ 

mediattwi fiowever, mastceUsfix)m^ 

activation in vitfo, and mast ceU number ww^^ 
20 sensitization and provocation. Xiang etal. (2001) proposed flwt Bfl-1 oo^^ 

in flie treatment of lEdlagic diseases. . 

BETA-CASEIN 
The caserns have been shown io be me^^ 

25 least 2 spedes, cowiuid niaiL Ih^^ 

protrins. Bovine niilk contains 4 casein^ 2 dpha, l be^ 

on tiie oAer hand, contams only 2 casems/beta and 

casein in human inilki accounting for as much as 30% of its to 

addition to being the primary source of essential amino adds^ beta-casein, in concert 

30 with kappa^K^asein, fonns micelles that transport caldu^ 

developing infant Menon and Ham, Nucleic Acids Res. 1 7:2869 (1989) and Lonnerdal 
etdi^FEBSLett. 269:153-156 (1990) cloned cDNAs for human beta-casein. 
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Comparison vdfh otfiCT spedes m 
most rapidly evolving proteins. NeverOieless, a nmiber of wellnxmserved residues are . 
distribiited along ite entire lengftL These residues aie thou^tfp play an importaot role 
in consendng the3-diinensional structure of fhe protdn. Menon et al.. Genomics 
5 12:13-17 (1992) showed thiat in relation to the beta-casdn of ofher species, the inaltiire 
protein in the hupian shows a deletion of amino adds encoded by.exon 3. They 
concluded fliat an interruption of the polypyrimidine tract adjacent to tfie 5-prime end . 
of die exon 3 sequence may account for the omission of the exon fiom huxnan beta- 
casein mRNA. They stated that a broader sampling would be required^ 
10 conclusion that exon 3 is nevCT expressed in human beta-casein. Nev^sdieless, the lack 
of expression of exon 3 is at the very least a 

well be spec^es-spedfic. Exon 3 encodes 9 residues, including 2 addtitional 
phosphorylation sites/serine residues 7 and 8. The N-terni^^ 

phosphoserine/phosphothreonine amino adds of beta-casein are crucial to the biologic 
15 fimction of the molecule^ and variations in thdr number could affect the 
of milk., , 

OADD4S 

Ionizing radiation can induce spedfic g^es in maninialim md other 
20 eukaiyotic cells. Two sudi jgaes, often referred to as GADD4S iaind GfADPlSB, aie 
strongly midi opbrdinatdLy induced by ultraviolet radiation and iann|datuig agents in 
human and hainster cells. 

DNA damage-iiidudble.') Pajpathanasiou et al., Afolec CelL BioL 11:1009-1016 

(1991) found iat GADP45 but not GADD153 is 
25 human cells. No induction was seen after tieatmoit with a known activiatm' of protein 

kinase C/Thraefore, GADP45 is flie only Imow^^ 

induction is not mediated by PKC- Sequence analysis of huuMm and 1^^ 

clones demonstrated that the gene has been W^y consayed ahd e^ 

1 65-amino add polypeptide that is 96% identical in ttie 2 spedes. Li cell lines fixnn 4 
30 patients with ataxia-telangiectasia, Papathanasiou et al. (1991) demonstrated that 

induction by x-ray of GAPD45 mRNA was reduced in coinparison to flie normal. 

The stress-resfponsivep38 and JNK nntogen-activated protein kiiiase 

(MAPK) pathways regulate cell cycle and apoptosis. AhumanMAP3K, MTKl, 
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mediates activation of bofli p38 and JN^ 
screening a placenta cDNA libraiy us^^ 

Saitb, Cell 95:521-530 (1998) isolated cDNAs encoding 3 related proteins, 

GADD45A, GADD45-beta, and CiADIM5;gamnm (GADIM5G Abound to anN- 
5 terminal domain of MTKl. GADD45A, GADD45B, and GADD45G diare 55 to 5^^^ 

amino add identity, these luteins activated NITICI 

in vitro. All 3 GADD45-like genes were induced by environmental stre^es, 

including methyl methanesulfonate, UVj and gamma irradiation. Expression of the 

GADD45-like genes induced p38/Jl^ activation 
10 partiaUysiqjpressedbycoexpressionof a doiniriant mutant protein. 

Northern blot analysis detected moderate expression of a 1.4-ld> GADD45A transcript 

in heart, skeletal miiscle, and kidney, \yith little or no expression in brairi, placenta, 

Wg, Uver, and pancreas. Takekawa and Saito (1998) pr^ 

lie i»pt^ mediate activation of fte 
15 environmental stresses. 

CREB>2fATn 
An activating traxiscription &ctor (ATF^^ 
element present in a wide vmety bfyir^ 
20 adenoviral gen^ and cAMP-indudble cellular genes. Hai et al.. Genes Dev. 3:2083- 
2090 (1989) identified cDNAs encoding 8 different human ATF consensus^binding 
piotdns, indudiiig a partial cDNA corresponding to ATF4. They found fbat members 
of this femiiy share signific^mt sequence sirnil^ 
bindiiig motif and an adjacent basic region; the proteins dh^ 

25 of fliese regions. 

The cAMP response elcmait (CRE) is an octanucleotide motif that 
mediates diverse transcriptional regulatory effects. By screening a luikat T-cell Kne 
expression Ubrary for tfie abihty to bind CRE, Karpiiisk^ 

89:4'*20-4824 (1992) isolated and characterized a fiill-lengtti cDNA corresponding to 
30 ATF4, which they called CREB2 (GRE-binding protein-2). The predicted protein 
contains 351-amino acids. Northern blot analysis revealed fliat the 1 .5-kb GREB2 
mRNA was expressed in all human tumor cell lines and mouse orgatls tested. Unlike 
CREB, which activates transcription fiom CRE-containing promoters, CREB2 
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functicms as a specmc nspressor of 
repressor activity resides witbin flie C^teim^ 

region of flie G»EB2 iwp^n- 

/ liw p40tax gene product of Inin^ 

5 (HTLV-l) activates HTLV-1 viral tiam 

Tsigimotoet aU/ Firoi 65a^^ 
(199iy identified ATF4 (CREB2) as TAXREB67, a protein fliat 1^ 

reqwnsiveaihancer element in HTLV-1. ^ 
Tataka et^, Genes Celb 3;m-iW 
Id generate nrice lacking Atf4 (CREB2). They foimd that Atf4-deficieQt mice eriuTjited 
severe mictt^hthalmiai the Atf4-defid^ 
stnicture up 1»> embryonic day 14.5, after wWA 
without fte fimnation Of lens secondary fiber cells. Re 

in the mutant mice. The lens^sp^ 
15 oi4yto1hereciw*yof lenssbcon^ to flie induction of hyperplasia 

of these fibers. T^aka et ai. (1998) conch^ 

stages of lens fiber cdD differoitiatiasi. 

ATEv2 M a homodmier Or hclerodimerbind to cAMP resp^^ 

and overexpressiw* of ATF-2 has been shown to significantly enhance grpy^ rate aiid 
20 proliferation ofceUsgroW under stress conditions (Hugjiier et^d^ 
(1998), wW<A is her*y incorporated by reference in its e^^ 
: damagingraffiation (Kodlj etal;, £^ (2003),^di^lMK*y 
incorporated by reference in its en^ 
ionizing nidiation, tJV daniage, ioid DNA dtama 
25 arrest through the activaticm of cell cyde check poi|i^^^ 

allows the cell to recognize and repair DNAdaiiagp. ATl'-2 is one of the tnaiscription 
factors that acts on an essential enzyme in cell C3«:leaires^ ATM Because 
increased BVR expression has been shpwnto upregulate ATF^2, itis beUeyed that 
BVR can induce enhancied growth rate and proUfcratioln of cells grovmimder stress • 
30 conditions. ATF-2 plays an important role in placenta formation and devdopmeiit of 
the skeletal as well as flie central nervous systems, oncogaiic transformation and 
adaptive response to viral infection and genotoxic stress (Reinhold et al., 
379:262 (1996); Maekawaet al., J^to/ Chem 274:17813 (1999); liu ai^d Greoi Cett 
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61:1217 (1990); VanDam and Castellazzi, 

EMBO J 14:1798 (1995), which are hereby inooip(Hated by refeimoe in Adr entirety). 

IAP^l/IAP-2 

5 By testing hybnds containing various ddetions of chn^^ 

Miller et al.. Am. J. Hum. Genet. 41 :l661-1070 (1987) desaibed an IgM monoclonal 
antibody, 1D8, that recognized an antigm coded by a gene 1 

q22. The monoclonal antibody was designated MER6. The antigm wias absent in the. 
Rh defidenQT syadiome, Rh-nuD hemolytic anemia. This antigen probably had no 
10 pathogmeticioleintheRhdefidency,whichwasdiownby^(^^ 
Ab/ure Gciie/ 12:168-173 (1996) to be due to^^m 

chromosome 6. They notisd that many cell membrane components are missing from 
the mnltisubunit Rh complex whm the RH50A gene is mu^ 
Ihtejgrin-associated protein (lAP) is a 50-1^ 
15 amino-tominal iinmtmoglobulin domain and a caiboxj^-terminal mvdtiple-membrane^ 
spanning i^on. It is involved in the increase in intraoeUular cddvmconcenti^ 
that occurs i^on oeU a^ lAP is also esqiressed on 

erythn)cytes, ^v^cfa Im 

carcinoma antigOT(Mawbydd.,J?tocAc^ Iiiidbei:g ef aL, 

. . 20 J. Biol Gicm. 269:1567-1570 (1994) showe4 tibat lAP eiqxression is reduced on 
Rh(null) eryfhio^tes. By fluorescence in dtuhybridizacdon thqrdiowedtha^ 
stnictural g»e maps to 3ql34-ql3.2, within a reg^ 
CTOoding the Rh-assodatcd IDS antigm. By expression 

oyOirocytes and lAP transfecBints, lAP was shown to be identical to the 1D8 antigen 
25 andtoCD47,acdl^uifiU:eprot^ 

expi«doiionRli(nuU)eiythrocytes. Lindbergetal, (1994) stated thirt these studies 
demonstrated an une3q>ected link between integrin signal transductiori and erythrocyte 
membrane structure. 

30 P16nNK4V 

Cyclin-dependent kinase inhibitor-^2 A (CDKN2A) goes by flic 
colloquial dedgnationpl6, which is sometimes referred to as pl6(IN^ The gene, 
was originally symbolized MTSl (for multiple tumor si^ressor-l) by Kamb et al.^ 
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5Wciice 264: 436-440 (1994), wto 

beieii preempted by the malignant transformation suppr^sion-1 gene located on lp« 

.Oiiomosome region 9p21 is involved in 
translocations, heterozygous deletions, add homozygous deletions in a yariety of 
5 malignant cell lines including those firom g^lioma, nonsnudl cell lui^ canoear, leukemia, 
and melanoma.. D eletion of 9p21 m^ers is found in more than half of all melanoma, 
cell lines. These findings suggest that 9p21 contains a tumor suppiessor locus th^ 
may be involved in the genesis of several tiimor types^ Kamb et al., Scierice 264:436^ 
440 (1994) localized a putative tumor suppressor locus to band 9p21 in a region of 

10 less than 40 kb by means of analyzing homozygous deletions in melanoma cell lines. 
The region was found to contain a gene, called MTS 1 (for multiple tumor siq)presspr- 
1), that encodes a previously identified inhibitor (pl6) of cyclin-dep«ident kinasfe-4 
(CDK4). The sequence of the MTSl gene as detennined by Kamb ct al. (1994) was 
identical to that of the pl6 grae as detennined by Serrano et al.. Nature 366:704-707 

15 (1993). MTSl was found to be homozygously deleted at higih frequency ^i^^ 

derived fiom tumors of lung, breast, brain, bone, skin, bladder, kidney, pvaiy, aind 
lymphocyte. Melanoma cell lines cairied at least one copy of MTSl in ^ 
with a deleted allele: Melmoma^M^ 

fie^uently showed oonsense, missense, or frameshift mutations in the gene. Thus, . 
20 MTSl may rival pS3 in the uiuvafsaUty of its 

Furthemofe, it illustrates, as does pS3, the relation^p between the tumor siqypressor 
; genes and the regdation of tlie cdl cycle. 

The pl6 gene (CDiq^) was noi^ 
Nobori et al., JVbtrMT^ 368:753r756 (^ 
25 involved in deletiphs and rearrangements in dysplastic neyi (Cowen et al;, / Nat. 
Cdnccr/mt 80: 1159-1164 (1988)), 

cutaneous malignant melanbma, or CMM (Fountain et aL, Proc Nat Adad. ScL 
89:10557-10561 (1992)), and was showii by Petty et al., Am. JL Hum. Genet 53 :96- 
104 (1993) to be involved in a constitutional deletion in a patient 
30 primary melanomas. A gene for &milial malignant melanoma, symbolized CMM2, 
has been mapped to ^2 i . 

The frequent deletion or mutation of CDKN2A in tumor cells suggests 
that pl6 acts as a tumor suppressor.; Lukas et al.. Nature 375:503-506 (1995) showed 



fliat wfldtype pl6^ airests noimai diploid bells in late Gl, whereas a tumor-associated 
mutant of pl6 does not Significantly, the ability of pl6 to induce cell cycle arrest 
was lost in pells lacking functional retiinoblastoma pnrtan. Thus, loss of PI69 
overexpression of P-cyclins, and loss of iietinoblastcmmiiave si^ efifects on GI 
progression, and may represent a common pattiway to tumorigenesis. The mxitation 
used by Lukas et al. (1995) in their studies was a G-to-T transition changing proline- 
1 14 to leucine and had been observed in 3 independent melanoma cell lines. Koh et 
aL,Wblure 375:506-510 (1995) rqx)rted similar r They demonstrated fliatpl6 
can act as a potent and specific inhibitor of progression throu^ the Gl phase of the 
ceU cycle and that several tumor-deriv^aUeles of pl6 encode fimctionaU^ 
ocWpromised piotdns. In vivo, the presence of functional retinoblastoma protein 
appeared to be necessary but may not be suflBci«it to confer full sensitivity to pi6- 
mediated growth arrest hi addition to the PI 14L allele, they used an asp74-to-asn 
(D74N) mutant, a.de novo somatic imitation isolated independently fixmi tumors of 
th€s esophagus and bladdd^ an asp84-to-asn (D84N) mutation foi^ 
esophageal squmious cell carcinomas; and several other mutations assodated with 
mdanoma. 

Stottetal,,-EM»OJ: 17:5001.^^^^ 
transcript of CPKN2A has beca shown to encode pl6(lNK4a), aTCoognized tumor 
suppressor that induces a Gl cdl cycle aiiest by inhibiting ttie phosphorjdationi of the 
Mj protembythecydin-dcpendentidnases CDK^ Tlic beta transcript of 

CPKN2A encodes pl4(ARF). Tlie predicted 132-amino add pl4(ARF) is shorte 
flian flie corresponding mouse protem, pl 9(ARF), and the 2 proteins share only 50% 
identity. However, both protdns have the AiHty to eUd^ response, manifest in 
the increased expression of both CDKNI A and MDM2, and resulting m a distinctive 
cell cycle arrest in bofli the Gl and G2/M phases. Zhange et al.. Cell 92: 25-734 
(1998) stated that the 2 unrelated proteins encoded by the INK4A-ARF locus fimction 
in tumor suppression. Zhange et al. (1998) showed that ARF binds to MDM2 and 
promotes the rapid degradation of MbM2. This interaction is mediated by flie El - 
beta-eacoded N-tOTuinal domain of ARF and a C-terminal region of MDM2. ARF- 
promoted MDM2 degradation is assodated with MDM2 modification and concurrent 
p53 stabilization and accumulation. The functional consequence of ARF*regulated 
p53 levels via MDM2 proteolysis is evidenced by the abiUty of ectopically expressed 
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ARF to restore a p53-imposed Gl ceU cycle arrest 

MDM2. Thiis, Zhang et al. (1998) concluded that deletion of the ARF-iNK4A locus 
simultaneously impairs the INK4A--cyc and the ARF--MDM2--p53 

•'-•.pathways. 
5 lgBkAetai.,Biodhem.Biop^^^ 

found hcmiozygqus deletion of pi dm 12 of 13 esophagi 
9 gasinc cancer deU lines. Th^^ 
gene mutafiqns bccunred i^^ 
lesults as indicating that clumges m 
10 canceirs and play a critical rofe in the development of ttiis type of in al ig nan c y, 

inhmted melanoma in whidi a novel mutation in exon 2 of thb pl6(D4K4A) gene 
segregated, with disease. The miitantaU^ 

deletion of 2 amino adds (a^96 md leu97). They showed that the muttttit protdn is 
15 functionally abnormial: it wias unable to bind CpK4 in viiio and did not inhibit oolony 
fomiation in tertiary passage rat emhiyo fihn)blas^ 
firom 1 patient, the wildtype aUele w)^ 

al (1995) concluded tiiat family members carrying the germline nnrtatian in tfiis gene 

are predisposed to melanoma. 
20 monetei.,J.ain.EfuIocr.Meidb.M^^ 

inactivation of the pi 6 tumor suppressor gene in a series of 14 adrenocortical tumors. 

Using 1 1 polymoiphic microsatellite markers spanning the short arm of dirpmosonie 

9, they demonstrated that 3 of 7 adrenocortical carcinomias and 1 of 7 adbrenocortical 

adenomas had LOH witiiin chromosome 9p21, the region containing pl6. 
25 imnunoWstochemistry showed the absence of pi ^ 

adrraocdrtical tumors witii IX3H within 9p21 , and positi^^^ 

tumors wittiout LOH. The authors concluded that LGH within 9p21 associated with 
lack of pi 6 expressiooi occurs in a considerable p(roportio^ 
malignant tumors but is rare in addiomas. Furthermore, they suggested t^ 
30 inactivation of pi 6 may contribute to the deregulation of cenprolife»ticm 

neoplastic disease. 

The pi 603^4A) cyclin-^q)endent kinase 
replicatiVe smesceuce, the state of permanent growth arrest provoked by cumulative 
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ceU divisions or as a response to constimtive Ras-I^ 

Ohtani et al^ Nature 409:1667-1070 (2001) demonstrated a role for the ETSl and 
ETSiZ trianscription &ctors in legulating the e^qpression of pl6(INK4A) in these 
diflferent coiatejrts based on flieir ability to activiate the pl6(INK4A) promoter dudu^ 
5 an ETS binding site and their patterns of expression during the lifespan of human 
diploid fibroblasts. The induction of pl6(INK4A) by ETS2, wWch is abundant in 
young human diploid fibroblasts, is potentiated by signaling through the Ras-Raf- 
MEK kinase cascade and inhibited by a direct iateraction with ttie helix-loop-helix 
protdn IDl. Jfa senescent ceUs, where tihe ETC 
10 the marked increase in pi 6(INK4A) expression is consistrat with the redprocial 
Induction of IDi and accumulation of ETSl* 

P27fKIPlY 

St^gmaio: et al., fibocf 86:38-44 (1995) studied loss of beteibzygosity 
IS (LOH) in the r^on 12pl3-pl2 in acute lymphoblastic leukemia (this chromosomal 
region often shows deletioii in sudi patimte^^ 

was evidence of LOH of die TEL locus Whidi was not evident on cjftogenetic 
aiialysis/ Detailed namixiation of pa^ 
deleted i«^on included a second candidate tuna^^^ 
20 than as KIPl, whidi encodes the cycling 

p27 CToyodiiina and Huntd:, Cym:67-74 (199^^ 

(1994)). Based on the STS content of HEL-positivc YACs, St^gmaier ct al. (1995) 
repoited that lUPl and lEL were in close proximity. ^ 
Cycliii-dqsendent kiriase (CDk, e.g., 

25 association with cyclins(e.g.,CCNEl) and phos^^ 

leads to cell proliferatioiL Inhibition of cellular proliferation occurs upon association 
of CDK inhibitor (e.g., CDKNIB) with a cyclin-CDK complex. Sheitf et al., Genes 
Z)ev. 11:1464-1478 (1997) showed fiiat expression of CCmi-OJO 
levels of ATP results in phosphorylation of CDKNIB at thrl 87, leading to 

30 elimination of CDKNIB fi-om flie cell and progression of the cell cycle fiom Gl to S 
phase. At low ATP levels, the inMbitory fimctioiis of CDKNIB are enhanced^ 
ffierd>y arresting cdl proUferation. 



Apoptosis of humm mdothelial cells af^ . 
assodsrted wiiOi rapid and dramatic 
activity. I^kauet al.,Afo/ec.^^ G^^^ 

the caiboxyl-tcnmni of flie CDK inhibitors CDKNl A and ODKNIB are inmicated by 
5 q>ecific cleavage: The enzyme involved in this cleavage is CASP3 and/or a CASPB- 
like caspase. After cleavage, CDKNl A loses its nuclear^te 
exits the nucleus. Cleavage of CDKNl A and CDKNIB resulted in a substantial 
reduction in their association with nuclear cyclin-CDK2 complexes, leading tQ a 
dramatic induction of CDK2 activity. Dbminant-ne^itive CDK2, as weU as a mutant 
10 CDKNl A resistant to caspase cleavage, partially suppressed q>optpsis(. TliesQ data 
suggested that CDK2 activation, throu^ caspase-mediated cleavajge of CDK 
inhibitors, maybe instrumental in flie execution of q)optpsis foUowiiig caqMise 
activation. 

Hi^ levels of p27(KIPl), present in quiesc^ 
15 shown to decline upon mitogen induction (Sherr and Roberts, Genes Dev. 9: 1 149- 
1163 (1995)). Brauh-Dullaeus, a 
of p27(KIPl) and pflier cdl cycle piip^^ 

vascular smootii musde cell hypertrophy or hyperplasia. Angiotensin n treatmoEit 
(100 nM) of quiescent vascular smoofli muscle cells led to iquDpgidation of ttie cell 
20 cycle regulatory proteins cyclinpi,CDK2^ 
CDKl. Leveb of p27(KJPl), however, rem^^ 

phase CDK2 was inMbiM as the ceUs imde^ Angiotoisinll 

stiinulated an increase in [(3)H]thj4nidine iniooippration and 

phase cells in p27COPl) ahtisen^ 
25 not in control ODNtransfected cells. The autho 

stimulation of quiescent ceDs in which p27(K]Pi) levels are h^ 

hypertrophy but promotes hyperplasia when levels of p27(KIP l) are low, lis in llie 

presence of other growfli fiictors- 

Medema et al.. Nature 404:782-787 (2000) demonstrated that 
30 p27(KIPl) is a major target of AFXJikeforkheadproteiii^ ThQf demonstrated ttiat 

AFX integrate sisals from PIBK/PKB signaling and RAS/RAL signaling to r^;ulate 

transCTptionofp27(KIPl). They demonstrated that p27 -A cells are significantly less 

inhibited by AFX activity than their p27 +/+ cpunteiparts. 



-32- 



Peters and Ostrander, Ttfo/ure Geiiei: 27^^^ 
the woik of Di Cristofeno dt el.. Nature Genet. 27:222-224 (2001), demonstrating 
how cooperation between Cdkhlb ^ 
tumore. Th^ gave a useM tabulations^ 
S piostate cancer susceptibility loci and candidate genes. 

Phosphorylation leads to die ubiquitination and de^^ 
CDKNlB. Carranoetal.,iNfe^^^^^ 

specifically recx)gnizes phosphoiylated CDKNIB piedomiDantiy in S ph^^ 
than in Gl phase, and is tiie ubiquitin-protein Ugase necessai^ 
10 ubiquitinatioiL 

Shin et ai.y Nature Med. 8:1145-1152 (2000) demonstrated a novel 
medianism of AKT-mediated regulation of p27(KIPl). Blockade of HER2/NEU in 
tumor cells inhibited AKT kinase activity and iqwegulated nuclear levels oif 
p27(KIPl). RTOombinant AKT and AKT precipitated fixMn tumor cells 

15 phbsphor>iated wildtype p27 in vitro. P27 contains an AKT consensus 

RXRXXT(157)D within its nuclear localizatio^ motif Active (myiistoylated) AKT 

phosphoiylated wildtjTpe p27 in vivo birt was ^1^^ 

mutant. Wildtype p27 localized in the cytosol and nucleus, whereas f^^ 

locidized exclusivdy in the nucleus and was resistant to nudear exclusion by AKJ. 

20 Ejqwesrion of pliosphoiylated AKT in primaiy hmnan breast ciancers statisticdly 
correlated with the expression of p27 in tumor cytosol. SUn et al. (2002) concluded 
ttiat AKT may contribute to tumor cell proliferation by phoq[>boryiation sbd cytosolic 
retmtion of p27, tiius relieving CDK2 fix)m p27-induoed inhibition; 
Liang et al.,iSramreM6dl 8:1153-^ 

25 phosphorylates p27, impairs the nuclear iiiqx>rt of p27, and opposes cytokine^ 

mediated Gl arrest In cells transfected with constitutively ac^ve AKT, wild^pe p27 
inislocalized to the cytoplasm^ but mutant In cdls witii activated 

>aCT, wildtype p27 failed tb cause Gl arrest, while the antiproliferative effect bf the 
mutant p27 was not impaired. Cytoplasm p27 was seen in 41% (52 of 128). primary 

30 human breast cancers in conjunction with AKT activation and w^ 

poor patient prognosis. Liang et al. (2002) concluded that their data showed a novel 
mechanism whereby AKT inipairs p27 flmction that is associated wifli an a^ 
phenbtype in human breast cancer 



VigUctto et d., ^amre MedL 8:1 136-1 144 (2(^^^ 
demonst^ed that AKT regulates^w^^^ 

preventing p27(KIPl)-inediate^^ ThQrdsodwwedthatfl^ 
position 157 is an AKT phosph^^ 
5 cytoplasm, precluding p27(KiPl)-ipduced Gl arrest 

Feioetal., Cg//85:733-744 (1996) found that tai^ 
the murine p27(Kipl) gene caused a gene dose-depc»dent inoreas^ in animal size 
without other gross morphologic abnormalities. All tissues were enliargied and . 
contained more ceUs, dthough endocrine abnonnaMties were not e^ 
10 hyperplasia was associated with increased T-lymphocyte pn)liferation« and T cells 
showed enhanced iL2 responsivCTess in vitro. ^^^T^^ 

autonomous defect resulting in enhanced proliferation in response to mitogens. In the 
spleen, the absence of p27 selectively enhanced proliferatioh of hematopoietic 
progenitor cells. That p27 arid Rb function in the same regulatory pafliway was 

15 suggested by the finding that p27 deletion, like deletion of die Rb geiie, uniquely 
caused neoplastic growfli of the pituitary pars interme^a The absence of p27 also 
caused an ovulirtory defect and female sterility. Maturation of second ovariui 
follicles iiito corpoiia ,lutea, which express high levels of p27, was maikedly impaired. 

Ziiidy et al., Proc. NaL Acad. ScL 96:13462-13467 (1999) generated 

20 mice wifli targeted deletions of both the Ink4d and Kipl genes. They fpiind that 
tenninaUy diSBei^tia^ 

divided, and underwent apoptpas. Zindyetal. (1999) noted fliat ^^dimi^^ ink4d 0r 
Kipl alone are deleted, thie pMtniitbtic state is maintained, suggesting aiedundant 
role for Aese gpnes in mjoture newms. 

25 l^tsiOiadiietal^ 

a mouse model in which p270Kipl) trmsgene eiqiression was spatiaUy teslric^ b 
the caitrai nervom system neuroq)ithelium and temporsQl 
doxycycline. Transgene-specific transcripts were detectable v^thin 6 hours of 
doxycycline administratipn, and maximum nonlettial expression was iq^ioached 

30 within 12 hours. After 18 to 26 hours of transgene expression, the G^^ 
cell cycle was estimated to increase fix)m 9 to 13 hours in the neocortical 
neuro^ithelium, the maximum Gl phase length attainable in this proliferative 
population in normal mice. Thus, the data estabUshed a direct link between 
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p27(Kipl) and control of Gl phase length in ttie maminaUan central nervous S}^!ta[n 
and iuaveiled intrinsic mechmi^ that ooiistraintlie Gl phase length to a putative 
physiologic maximum despite ongoing p27(Kipl). traiisgene expression. 

Phosphorylation of p27(Kipl) on tiireonine-187 by CDK2 is flioug|it to 
5 initiate the major pathway for p27 proteolysis/ To criticdly 
pa&way in vivo, Malek et al , Mirwre 413: 323-327 (200^ 
gene with one that encoded alaniiie instead of threonine at 

(2001) demonstrated that cells expressing p27 with the Tli87A change were imable to 
downregdate p27 during the S and G2 phases of Ae ceU cyde, bu^^^ 
10 surprisingly modest eflfect on ceU proliferation IW) 

(2001) demonstrated a second proteolytic pathway for controll^^ 
. activated by nntbgens and degrEulesp27.excliuivd^ 

P18fcbK4hihibitor^ 
15 Cyclin-4q>endent kiriase inhibitors (C^^ 

molecular weight.proteinsti^ 

md inhibit tiidr activity. Members of the fiNHM fanofly of ^ 

CpKNZC/specificaliy.bmd and inhibit CDK4 and CDK6, therd>y preventing cybUn 
D-dcpendentphoqfliorjiatibn of RBI. 

20 ^ By using a yeast 2-hybrid screen to search for 

ITOteins,GuanctaL, GeiiesZ)€v. 8:2939-2952 (1994) isolated a partial <p 
encoding a protein that ttiey designated pi 8 based on its molecular mass of 18 kD. 
They used die partid cDNA to scb^en a Hel^ ceU libt^ 
cDNAs correspondirig to tiie mtue pi 8 coding rog^o^ 

25 that the predicted 168-aihino ad|d pl 8 protein shares 38% and 42% sequoice identity 
with pl6/INK4A and pl4/INK4B,respTOtively. Likepl4 andpl6,pi8contunsan 
ankyrin repeat domain. UsingNorthemblotanalysis/Guanetal. (1994) found tii^ 
pl8 is expressed as mvdtiple transcripts in various human tissues, witfi the sto 
expression in skeletal muscle. 

30 Guan et al., Genes Dev. 8:2939-2952 (1994) showed that, both in vivo 

and in vitro, pi 8 interacted strongly with CDK6 and weakly with CDK4, but not with 
the other CDKs tested. Recombinant pi 8 inhibited the kinase activity of cyclin D- 
CDK6 in vitro. Ectopic expression of either pi 6 or pi 8 suppressed the growth of 



-35- 



human cdls in a maimer that appeals to coirelatew 
fimction. 

By fluorescence in situ h}d)ridizatioi^ 
pl8 geneto Ip32v4 chromosomal region assodatedwthab^ 
5 human tqmbrs. 

Lapbinte et al„ Cancer Res. 56:4586-4589 (199Q identiiSed a single 
amino add substitution (ala72 to pro; A72P) in BT-20 human breast dinper ceU$ diat 
abrogated the ability of pi 8 to interact with CDK6 and to siq)press cell growfh. These 
authors suggested that pl8 inactivation by point mutations may contribute to 

10 deregulated giowth control in certain cell lines and/or tumors. Blais ei al., Biochenu 
Biophys.Res,Commun,2An:A^\53{\99%)f^^ 
tumors exaniined, and suggested that it may be a polyniorphism. ' . 

Bai etal.,Ma/ec. <^^^ 
disruption of Ink4c in noace leads to spontaneous pituitary tumors and lymphomas : 

15 latio' in life. Treatment of Ino4c null and heterozygous mice wifli a chemical 

carcinogen resulted in tumor development at an accelerated rate. Bai et al. (2001) 
ooncltided that, since the remaining wildtype a^^ 

silenced in tumors deriyed fiom heterozygotes, Ink4c is a luiploinsufi&deat tumor 
sqiqn:essor in xaice. . 

20 •■ ■ - • ■•■ 

FASN 

Fatty add syn&ase CTASl^O catalyzes the conveisic^^^ 
and malpnyl-CoA, in the preseoce of NADPH, into long-chain satiuated fiMy aidds 
(Wakil, Bidcftem£s<iy 28:4523-4530 (1989). hi prokaiyotes and plants, FASN oons^s 
25 of im acyl carrier prbtein and 7 structurally indq>imdent monofuncdorLal enzymes; In 
animals, hoWevCT^ idl of tiie component 
protein are organized in one large polypeptide chaiiL 

and sequenced cDNA clones representing the 2 ends of die human FASN gene and also 
30 isolated overlapping genomic clones fix)m human YAC libraries. By fluorescence in 
situ hybridization, they mapped the FASN gene to 17q25. Southern analyses suggested 
that a single 40-kb cosnud clone encompasses the entire coding region of th^ 
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Jayakumar et al., Genomics 23: 420-424 (1994) purified fetty add 
s>aithase to iitear homogendtyfiom ahumanhepatcraia cell^^^ The specific 

activity of the enzyme was found to be half that of cMcken UvCT enzyme. Thqr also 
cloned the hipnan brain FASN cDNA. The cDNA sequence had an open reading ftame 
of 7,512 bp fliat encoded a 2504-amino adid protein with relative mass of 272,516. The 
^o add seqpence of the human enzyme had 79% and 63% identity, respectively. 
wi0i the sequences of the i« and chidcOT enzymes. 
human FASN mlWA is about 9.3 H) in size and that its 1^^ 
tissues, with \xatt, hxHg, aiMl liver tissues diowing pwmiiiient expressidi Sequence 
variants of unknown origin and significance weic foupd in tiie en2ymb derived ^om 
[ ■ Hq<32. • ■ 

Ye d al., 5iod^&ft >Bidp^5.^cto^ 
expressidi of ESRl in prostate cancer ceU lines and unexpectedly finmd a FASN/ESRl 
fiifflon transcript Using semi-nested RT-I^ an^ and its \«riaiits. Ye ct 

15 al., (2000) found that theN-teinund coding leffon o^^^ 

fused to the C-tei?ninal coding region of the ESRl ligand biiriing domain. Nested RT- 
FCR also detected the fiidon tiansdipt in breast, d^ 

l^fhiidal.,Sfcfeiicc2^^^^ 
anaboUc energy metaboUsm and appetite control. Both systemic arid 
20 intracerdnovehtricular treatment ofmice with fiitfy add synfli^ 

andC75, a syritiietic compoimcO led to inhibition of feeding and dramatic wd^ 
C75 iiiWbited expiesrion of the prpphagicsignd neuropeptide Y in the hypothalain^ 
and acted in a leptin-independent manner that appeare to be mediated by m^ 
Loftus et al. (2000) suggested that FASN may represent an important link in feeding 

25 regulation and may be a potential therapeutic targd for obesity. 

In animals, mcluding humans, the source of long chain saturated fetty 
adds is eiflier denovo synthesis, which is mediated by fatty add synfliase, ingested 
food, or boflL To understand the irriiportance of de novo fatty add synthesis, Chirala et 
ti,Proc. Nat Acad ScL 100:6359-^^^ 

30 heterozygous mutant mice were osteosftly normal; however^ levels of FASN niRNA 
and activity w«e approjomatdy 50% and 35% lovirer, respectivdy, than those of 
wildtype mice. When flie hderoq^us mutant mice were interbred, no null mice were 
produced; thus, FASN is essential during embryonic devdopment Furfliermore, the 



-37- 



number of heterozygous progeny was 70%lessthanpn^cted byMendelian . 
iiiheritance, indicating partid haploidins^ 
and the other heterozygous, the estimated loK^^^ 
Most of the FASN-^nuU OTbiyos died before imp^ 
5 onbryos died at various stages of development Feeding the breeders a d^^ 
saturated fetty adds did not prevent the loss of homo- or heterozygotes. 

■ ■ ■ rVCLINA ■ 
Wiuig et al.,A'aterc 343:555-557 (1990) don^^^^^ 
10 integration ^te in a hviman hcpatoceUular cardnoma at an emly stage of developnient, 
and also doned its gertnlme oouniteqjait 

into 2 polj^cnylated mKNA 

<©NA done fibm a nonnai adult human Uver that ha^ 

coding oqwdty for a protein of 432 mnino adds and relative molecular mass of 48,536. 
15 Steonghomologi^ ill amiro add sequence identic 
Tlie HBV integration was found to have occurred w 

sugg^ted that disruption of the <^din A geneby viral insertioh was responsible for 

tumorijgeneds. . ^ 

Cydins are highly consented iTOtans 

20 They show a steady accumulaticmthrougjiout iirte^ 

foUowed by rapid dis^earance at the onset of anaphas«^ They are 1^ 
evolution, having been idOTtified m yeast, dam. starfish, sea urt^ 
Two groui^ of cyclins, A andB. aie distingmkhed on the basis of their se^ 
pattern of accumulation during the ceU cyde/Both cyclh^^ 
25 activate the serine-threonine Idnase p34(cdc2) during th^ 

Cydins are also referred to as proliferating ceU nudear antigens, Nonra^ 
integration of HBV in hepatocellular carcinoma has been related to diromosome 11 and 
to (^mosome 4. Furthermore, interruption of the coding region of the gene for 
retinoic add receptor beta by viral DNA has been reported. By in situ hybridization, 
30 Blanquet etal., Geiwimcs 8:595-597 (1990) mapped the C<^^ 

They pointed to the interisst of this finding m connection with the demonstrated loss of 
heterozygosity for markers on 4q in tumor tissue of patients with liver cancer (Buetow 
dtd^Proc NoLAcad ScL 86:8852-8856(1989). 
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Giraid a d., Cfe// 67:11694179 (1991) show^^ 
^thesized and localized into the nucleus at 

mammalian fibroblasts: Inhibition of cyclin A synthesis or activity throu^ 
microinjection of plasmids encoding antisense cyclin A cDNA or afSnity-purified anti- 
cyclin A antibodies during Gl phase aboUsted the nuclear staining for cyclin A and 
inhibited DNA:qfn1heas, No similar effect was observed with injection of otiier 
airtii^ vectois, including antisense cydinS; (1991) suggested that 

qrelin A plays a major role in the control of DNA repUcation. Henglin et al., Proc. 
Nat. Acad. Sd. 91:5490-5494 (11994) cloned and sequenced the human CCNA gene and 
cDNAs iqjresentuig its mRNAs and characterized its promoter. Vang spmchrcmized 
cultures of NIH 3T3 cells stably transfected witii . cyclin A prompter/ludferase 
oonstnicts, they diowed Wthe promote is 

cycle and is activated at S-phaM eptryv Ce^^ 
mediated by sequences exuding fiom -79 to +100 rel^^ 
15 transcription start site. The presence of a fmctionj^rrtinoblastonw protein is not 

required. 

The manmiaUan A-type qrclin fiunily consists of 2 m 
and cyclin A2. Gychii A2 promotes hotii 0178 and G2/M transitions (Pagano et al., 
£il^BO/. 11:961-971 (1992). Muiphy etal^/Afafto* Genet 15:8^ 
demonstrated that a targeted deletion of tiie murine Ccha2 gene is embtyonicdly lettial, 
although homozygous null mutant embryos developed normally until postimplantation, 
approximately day 5.5 postcoitum. The authors suggested tiiat the embryo 
dflier because amatemal pool of cyclin A2 protein persists until at least the blastocyst 
stage, or because cycUn Al plays an unexpected role during eariy embryo developnieoL 
25 Cyclin Al is expressed in mice exdusively in fc^ 

Devdppmem Vil'. 53-64 (1996) and is expressed in humans at highest levels in tiie 
testis and certain mydoid leukemia ceUs (Yang et al., Cfl^ 
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CYCLIN El 

Koff et al.. Cell 66:1217-1228 (1991) isolated a new human cycUn, 
named <q«;lin E, by complementation of a triple cih deletion in Saccharom^ 
cerevisiae. Cydin E showed genetic interactions wifli the CDK18 gene^ suggesting that 
it fimctions at START by interacting with the CDKl 8 protein. Two human genes were 
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identified that (»vdd interact with cyclin E to perfo 
cdc28 mutation. C)ne was COKl-HS, and the se«)^ 

XenopiB CDK2.: Keyomaisi et al., Oincer i?es. 54:380-385 (1994) demonstrated that 
breast cancers, as weU as some other soUd t^^ 
5 qualitative alteratiom in cyclinE protein production. In breast cancer, the alterations in 

cyciinEex^ 

tumor, suggesting its potentiai use as a proj?iostic mark 

Cyclin-depeiideht Idnase <CD^ 
cyclins (e.&, Cj^jlin El) and phb 
10 Inhibition of cdluMrproUferation occ^ 
OTKNIB) withacyclinrOTKoomplex. 

(1997) showed fliat eqjressio^ of CycBn El-CiD!K2 at physiologic levels of AlF i^ 
inphosphoiylatioiiof CDKNIB attfarl87, leading^t^ 
ceU and proffessionof the c^<:ycde to 
15 inhiljitory fimctioM of CTKNIB are enhanced, 1her*y anesting pfbUferation. 

Keyomaisi et aL, New Eng,J, Med. 347:156^1575 (2002) investigated 
cycliri E as a determinant of the virulence and metastatic potential of breast cancer 
ceUs. In noimal dividing ceUs, cyblin 

the S phase, and a hi^ leVd of cyclin E protran accelerates the transition thrbu^^ the 

20 Gl phase. TTiey assayed fi)r cyclin E in tumw tis^ 

cancer and correlated the findings with follow-up (median 6.4 years). Levds qf total 
cyclin E and low-molecular weight cyclin E in tumor tiaue, as measi^ by Western 
blot assay, correlated strongly witii survival in patients witii breast cano?sr. The h^zard 
ratio for deafli to breast cancer for patients with high total cycto^^^ 

25 coiiiparedwitii those witii low total cyclin Eleve^^^ 

the hazard ratios associated with other independent dmical and pathologic risk fectors; 

Cyclins bind to and activate cyclin-dependent kinases (CDKs) to form 

serine/threonine kinase holoenzyme a>mplexes that regul^a^^^^^ 
Cyclins A, D and E are required for mammalian cells to traverse Gl and enter S phase. 
30 Cyclin E controls the initiation ofDNA synthesis by activating and 
CiPl proteins bind and inhfljit cyclin B-CDK2 comple^^^^^ 

database with a cyclin box consensus sequence, Gudas et al., Afofec CelL Biol 19:612- 
622 (1999) identified rat and mouse d5NAs encoding cyclin E2. 



additional EST database searches and performed 

cDNAs. Northern blot analysis revealed that the 2.8-1* cyclin E2 mKN A is expressed 

in several normal humam tissues, with the highest levels in testis, thymus, andbiain. 

The level of cyclin m transcript wiB 
V compared to nontransfotmed proliferating ceUs. Like cyclin El , the human cyclin E2 

gene cdmplem^^ cyclin defect in S. cerevisiae. Sequence analyas indicated 

iat the predicted 4()4raniino add cyclin E2 protein contains a cyclin box motif and is 

47% identical to cyclin El (CCNEl). 

When eiqjressed in mammdian cdk, c^Hto^ 
10 localized to the nudeus. The expressed protdn associated with CPK2 in a functional 

Idnase compla that was inhiijitedby bo^ 

demonstrated that the catdytic acti 

<^le-regdated and peaks at the Gl/S transition: Overexprefflion of eitiier cyclin El or 
cydin E2 bnwmmalian cdls aocdetated Gl. indicating tiiat, like cydin El, cyclin E2 
15 may be rate-liniiting for Gl progression. These authors conduded that multiple unique 
cydin E-CDK complexes may regulate cdl cyde progression. The reseaidiers Oso 
isolated an alteni^vdy q»Kc^ human cDNA en 

nnssing 45 amino adds within the cydmbox doinaiii, RNase protection assays 
confirmed that the <^lin E2(SV) mRNA is « 
20 shorter cydin E2(SV)isofiMm did not hmd GPK2, 

. Q^lSh. 
The hirnian CDK15 tyrosine phosphatases teigger activation of CDKl by 
removing inhibitory phosphate fix)m tyrosine and threonine residues of the 

25 dependent kinases. Thus, the genes encoding these phosphatase are suspected of bdng 
potential oncogene because of their role in promoting ceU diviaon. Three hi^ 
CDK15geneshavebeenidentified:CDK15A,CDK15B,andCDK^^^^ DemeHidc 
and Bead!, Genomics 18:144-147 (1993) mapped t^^ 

fluorescence in situ hybridization with confirmation by PGR analysis of hamster/human 
30 soinatic ceB hybrid PNAs. An area near 3p21 is ftequentiy involved in katy^ 

d>normaUties in rend cafdnomas,smaUceU carcinomas of the lung, and benign tumora 

of the salivary gland. 
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Galaktionqv et d.,&iem:e 269:1575-1577 (1995) 
cdls, human CDK15A or CDK15B but not CDK15C phosph^ases oqop^ wiA 
tatho: the glyl2-to-val mutation of the HRAS gene or loss of RBI in oncogenic focus 
fonnation. The transfbrmants woe highly aneuploid, grew in 

high-grade tinners in nude mice. OvereiipressicMi of CDK15B was detected in 32% of 

human primary breast cancCTS tested; 

CDK15 phosphatases activate &e cell division ldnas« 

cell cycle. Fauman et al., Cctt 93:617-625 (1998) de*eraiincd the24>g5trom 
structure of the human CDK15 A catalytic domain. The crystal stnictuie revealed a 
small alphaA)eta domain with a fold unhke previously desraibed phosphatase stnKtoies 
Imt identical to rhodanese, a sulfor-tramfer protem^^ 

containing the cys-(X)-5-arg moti^ showed similarity to the tyrosme phosphatoses. hi 
some crystals, the catalytic c^ 

suggesting ihat CDK15 may be self-mhibited during oxidative stress. A^383, 
15 previoudyiMopOsed to be the general acid/instead 
(xmservedburiedsjdtbridge^^ 
^netidacid. 

To pitotect genome integrity and ensure sund^^^ 
exposed to genotbxic'stress cease proUfeating to provide tinie for DNA rqpair. 
Mailand et aL, Arfemse 288:1425-14i29 (2000) demonstrated that human cells respond to 
ultraviolet 11^ or ionizing radiation by rapid, ubiquitinr and proteosome-dq)endeht 
protein d^iadatibn of CDK15A. a phosphatase that is required fin: progression from 
Gl to S phase of the cdl cycle. This respomemyolved j^ 
butnot^p53 pathway, and &epasistinginhiT>itory tyrosine pho^^^ 
CDK2 blodced entry into S phase and DNA repUortioiL CDKlSA-dependeoit cdl cycle 
arrest occurs 1 to 2 hours after ultravi 

the ceU cycle only several hours after ultraviolet treabnenL TBie r^irc^lers Aus 
concluded that &e checkpoint response to DNA damage occurs in 2S^^ 
Overexpression of CDRl 5A bypassed the mechanism of cdl cyde anest, leading to 
enhanced DNA damage and decreased cell survival. Mailand et al. (2000) concluded 
that the results identified specific degradation of CDKl 5 A as part of the DNA damage 
diedqwint mechanism and suggested how CDK15A overexpression in hunwn cancers 
might contribute to tumorigenesiSi 
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CDC7 

the a)C7 piotdn kinase is essratial fer the Gi/S tn^ 
initiation of DNA rq)lication during the opll division cycle in S. cerevisiae. Hdcl is liie 

5 s.pombeCDC7homolog. By searching EST databases for sequences similar to ^^t^^ 
of CDC7 amd Hskl, Jiang and Hunter, iVoc. Nat. Acad. SfciV 94:14320-14325 (1997) 
identified a partial CDd7 cDNA- They used the partial cDNA to isolate^ 
<£>NA fiom a HeLa ceU Ubrary. The predicted 574-aniiho add hu^ 
contdnsthe 11 conswved subdomainsfpimd in all protein serine/threonine kinases as 

10 Wdl as 3 additiondseqioences (kinase inserts) between subdoi^^ 
yiil, and X and XL Tlie kinase doinains of 
sequOTce identity: qDiC7 has amolecular maM^ 
imiunoflupresceiice, the auliKMS d 
in flie nudeus: Imnune complexes of 

15 lysatesphosphoryljMltistoneHl in^dtip.^ of GDC7 

proton ^jpeared to be constant thiou^out the <^^^ 

CDC7 incttased during S ptose. Jiang and Hunter (1997) suggested that CDC7 may 

phosphdiylate critida:substnite(s) tii^^ 

replication in mammalian cdls. 
20 Satoetd.,£MBO/. 16:4340-4351 (1997) isolated 

Xenopusand liumanCDC7 homologS. Northern blot analysis revealed tiwt CD^ 

expressed as 2.4-, 3.5-, and 4.4-ld> mRNAs. The 3.5-kb trii^ 

tissues tested, wMe flie 2.4-kb nfflNA was testis-spedfic. Sato et d. (1997) 

detetmined tiiat cbC7 phosphorylates tiie MC»42 and MC»«^ 
25 suggesting tiiat CDC? may regulate DNA replication by modulating MCM functions. 

Using Northern blot and dot blot analyses, Hess et aL (Geiic 211:133-14^ 

that CDC7 was repressed in many normal tissues, but was overexpressed in all 

transfonned cell lines tested and in certain tumor ^es. 

30 CDKl 

CDKl is a catalytic subunit of a protein kinase complex, called the M- 
ph&se promoting fiutor, fliat induces entry into mitosis and is imive^ 
eukaiyotes. hi tiie fission yeast Sdiizosaocharomyces pombe, the graie CDKl is 



responsible for controlling the transition fr^ 
phase to Ae M phase of the cell cycle. 

Lee et al., (Letter) Nature 333:676-679 (1988) described the regulated 
expression and phosphorylation of the CDKl homolog in human and niu^ 
systems. While tiie yeast cdc2 expression does not appear^ be transcriptionally 
regidated, senim stimiaation of human and mouse fibroblasts results i^ 
increase in GDKl transcription. Both tiie yeast and mammalian systems seem to be 
regulated by phosphorylation of the CDKl geneprodurt, a protein kinase of molecular 
wdght34,()<)0, designated p34(pdc2). 

DiajBtta et id., A4itor« 336:738-744 (^ 
d5Kl is the most Aundant phosphotyrosbiB-coiita^ig prot^^ 
phoq>hotyrosine,ccmtentisisiAjecttoce^ Onesiteof GDKl tyrosine 

phosi^OTjdatiOT in vivo is sdertivdy phosphor^^ 

^e. Uu et al.. Mohc Cdl BioL lt: 571-583 (1997) reported tiiat flie kinase MYti 

aisophosphoryiates CDKl., 

Overca^ression of flie receptor 
resistonce in breast canoera. Yu etal..Afpfeft CW/ i 581-591 (1998) fo^^l^ 
overexprcssicmofEBBB2iiib^it8:Taxol-^ Taxol activates CDKl 

kinase in MbA-MB-435 breast cancer cells, leading to cell cycle arrwt at :flie G2/M 
phase and, subsequenfly, apoptosis. A dieinic^ mhibito^^^^ 
negadve mutant of CDKl. blocked Taxol-induced ii?^^ 

Overexpression of ERBB2 iii MDA-MB-435 cells by teansfection toMcriptionaliy 
upregulatw a5KNl A which assodites with^C^ 

activation, delays cell entrance to G2/M phase, and tii«*y iiihibits Taxol-induced 
jqwptosis. hi CDKNl A antiserise-transfected IvlDA-MB-435 cells or in p2 W- MEF 
cells, ERBB2 was unable to inhibit Taxol-induced apoptosis. Thwefore, CDKNIA 
participates in the regulation of a G2/M checkpoint tiiat contributes to resistance to 
Taxol-induced apoptosis in ERBB2-overexpressmg breast canicer cells. 

ERBB2 overexpression confers resistance to taxol-induced apoptosis by 
inhibiting p34(CDKl) activation. One mechanism is via ERBB2-mediated 
x5)regdationdfp21(C3DPl), or CDKNl A, which inlribitsCDK^ Tan et al.. M>fec C5e// 
9:993-1004 (2002) reported that tiie inhibitory phosphorylation on tyrlS (Y15) of 
CDRl was devated in ERBB2-overexpressing breast cancer fells and primary tumors. 



ERBB2 bound to and colpcalized wifli cyclin B-GDKl complexes and ptoiqAiorylated 

CDKl Y15. the ERBB2 Idnase doniain was sufficieiit to dkectiy phosphorylate CDKl 

Y15J Increased CDKl wthphosphorylated YiS in EKBB2-pver^ 

con-esponded with delayed M phase entry/ Ejqjression of a nonphosph^ 

mutant of CDKl rendered cells more sensitive to taxol-induced s^xjptoas. Thus, the 

authors concluded that ERBB2 can confer resistance to taxol-induced apoptosis by 

directly phosphoryiating CDKl. 

• KonisMetal., Mofe& Cfe// 9:10054016 (2002) reported fl^^^ 

cxptessed in postmitotic granvde neurons of the developing rat cerd>ellum and that 
CI)K1 mediates f^Kjptosb of cerdaeUar granule neiBT^ 

nonooai activity. TTiey showed that CDKl catalyzes the phosphorylation of thie BAD 
protein at a distinct ate, serl28, and therdjy iiuiuces BAD-mediated apoptosis in 
primaiy neurons by opposiiig giowdi fector inhibition of the qxiptotic eflfect of BAD. 
Phosphorylation of BAD seri28 was found to inhibit the iateraction of jgrowth fector- 
iiiduced serl36-i*oq)hor3dated BAD^di 14-3-3 proteins. 

■ CDKi 

The comploc fbnned of CDKl ai|d cydin B is required fi»r the GZ'-io-M 
transition in cell division. Human cyclin A binds indqiendaidy to 2 kinases. CipKl or 
GDK2 hi adehovinis-transfiamied ceUs, the viral El A oncoprotein seems to associate 
with CDK2/Cyclin A but not with QDKl/cydm A. Tsai et aL, Nature 353: 174-177 
(1991) isolated the gene for CDK2, which shares 65% sequence identity with C3>K1. 
They suggested that GDK2 plays a unique role m cdl cyde regulation of yei^nrate 
cells, 

CDK (e.g., CDK2) activation requires assodation wi& cydins (e,g., 
CCNEl) and phosphorylation by CAK (COSIH), and leads to ceU prolUf^ 
InMbition of ceUular proliferation occurs upon assodation of CDK irihibito^ 
CDKNIB) with a cyclin-CDK complex. SheafF et al.. Genes Dev. 1 1 : 1464-1478 
(1997) showed that expression of CCNE1-CDK2 at physiologic levels of ATP results 
in phosphorylation of CDKNIB at thrl 87, leading to elimination of CDKNIB from the 
beU and progression of the cdl cycle from Gl to S phase. At low ATP levels, the 
inhibitory functions of CDKNIB are enhanced, thereby airestiiig cdl proliferation- 
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Appptosis of human endolheUd cdls after gcovv^ fec^ 
associated withrapid and dramatic upregdation of cyclic A-assodiO^ CDK2 activity. 

caiboxyl-tenpini of the CDK inhibitors CDKNl A and CDKNlB are truncated by 
5 specific cleavage. The enzyme involved in this cleavage is CASP3 and/or a CASP3- 
like caspase. After cleavage, CDKNIA loses its nuclear localization sequence and 
eritsttie nucleus. Qeavage of CDKNIA and CDKNlB resulted in a substantial 
reduction in their association with nuclear cycUn-CDK2 complexes, lading to a 
dianiatic inductionofCDK? activity. Dominant-negative CpK2, as wdl as amutant 
10 CDKNIA resistant to. caspase cleava^ partiaUys^^ 

suggested that CDK2 lictivatiOi^ tihrougji caspase-mediated deavagp of CDK inlubitois, 
inay be instnunental in die execution pf ap^^ 

iiihdicliffe et Sfcic^ 
extract arrested in S phase tiiat si^qwrted repeat^ of dau^ centrosomes. 

15 Multiple rouids of centros<^e rqiroduction W blodced by selective mactivation of 
CDK24:^E aid wererestortdb^ 

microscopy revealed that cycto iyas localized at the centrosome. Hie authors 
concluded thkCDia-Cyclk E artivity is isqui^ 
phase and that Ihese rUdts suggested a mechanisna t^^^ 
20 iqHoductionwithcjwae^ofDNAsynfliesisandm 
Inhibition of OJ 

progression, may represent a therapeutic strategy for prevention of chesnothoiapy^ 
induced alopecia by arresting the cell cyde and redudng tiie sensitivity of the 
epithelium to many ceU cycle-active antitumor agents. Davis ct aL, Science 291 :134- 
25 137 (2001) developed potent small-molecidemhibit<MS of CD 

methods. Topical application of these compouiids m a neonatal rat 
chemother£5)y-induced alopeda reduced hair loss at the site of appUcati^ 
of theanimals. Thus, Davis et al. (2001) concluded tiiatmhibition of CDK2 represents 
a potentiaUy usefiil approach for the prevention of chemotiier^y-induped alopeda in 

30 cancar patients. 

Faldc et aL, ^fa/ttre <3cnc/. 30:290-294 (2002) demonstrat«rf tiia^ 

wcperimental blodcade of other the NBSWvIREl 1 function or die CHK2-triggered 
evrats.leMs to a parfal radioresiisttmt DNA synthesis pheno^ 
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contrast, concwmtant interfereDce vn^ 

pathways entirely aboUshes inhibition of DNA syntheds 

resiating in (»mpiete RDS analogous to^^ 

CDK2-dependait loading of CDC45 onto reputation origins, a p 
5 recruitment ofDNA polymerase, was prevented upon inadiation of norii^ 

hreSl/MREll-defective cells but not cells with defective ATM. Falck et al. (2002) 

cbnchkred diat in reqwnse to ioniTing radiation, phosphoiy^ 
- by ATM lrigge» 2 paraUel branches of the DNA damage-dependent S-pha^ 

chedqwint that cooperate by inhibiting distm 

10.:- .'• ■.' ■■• ■' ' \ ■ ■ ■ ■■• 

cDKs ;^ ■ 

Cydinsffl^ 

(CDKs). to S- cerevisiae, Ac CDK SRBIO has been shown to interact with SBBl 1, a 
cydin related to mammaKan cydin C Hie SRBIO-SRBI 1 compiex is part Of the RNA; 
15 polymerase II holoaizymewid acts as a regulatOT Tb identi^ humai 

proton Idnases with a role in ceU <^ 
4:821-830 (1993) performed with d^enq^ 

motife in the catalytic domain of the AspergiUusydul^^ TTiey 
isolated 41 distmct promydo<^c leukemia cell line cDNAs, indiiding 1 partial cDNA 

20 deagnated K35. Tassan et d., iVwc. Ar<^:^cod 5k 92:8871-8875 (1995) n(^ 

K35 appears to be structurally related to CDKs. By screening a human testis cDNA 
Ubrary witii K35, tiiey isolated d?NAs oorrespondmg to the entuie co<Ung regioii of 
CDK8. The predicted 464-amino add protdn contains the sequence niotife and 11 
subdomaim characteristic of a serine^tluTOninb-g>edfic 

25 ofCDKS and SRBIO are 48% identical ovCTSubdpniains in to >a, a^ 
have several connnon features. CDK8 migrates as a 53-kD protein on We 
HeLa cell extracts. Coinmiuhopredpitation experuriehts demonstrated tiwt CDK8 
interacted with cyclin C both in vitro and in vivo. Tassan et al. (1995) proposed tbat 
CDK8-cyc]m C might be functionaUy assodated wifli the niainniaUan tr^^ 

30 i^qMinitus. . 

Miimnialian CDK8 and cvclin C are components of the RNA 

polymerase n holoenzyme complex, where they fimction as a jprotein kinase that 

phosphorylates the C-terminal domain of the largest subunit of RNA polymerase IL 
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the CX>K8/cyclm C protein complex is also foTU^ 
'Mediatoi'-like protdn complices, wWch re^^ 
of Ihc C-tennind dofliam in vi^^ 
demonstfated that <CDK8/cyclin G can re^ 
5 CDK7/CyclinHsub\mitsofthegefl«altrans<T^ 
phosphoiylates.mammaUan cydin H at serine 5 and 
vivo/in the vicinity of its WctibnaUy imique 

This phosphoiylation represses both the abiUty of TFUH to activate transcription and its 
C-teiminal Idnase activity/ In addition, minri<^ CD^^ 
10 invivohasadoiiinant-riegMiVeeffectonM^^ 

oonduded that Iheir results linked the Mediator cpiiq^^ 
nwdiinefy by a regulatory pathway involving 2 Q^i^^ 
j«fliy«iy 4»peais to be unique to hi^^ 

15 ■■ . ■ CKS2 ^ 

The Ctel protehi is a coinponCTt of the Cd<^8 protdn 
. bTMlding yeast Sacdiaiomyc«s cerevisiae. Richardson et al.. Genes Dev. 4:1332-1344 
(1990) doned 2 human hoinologs of the CScsl gene of yeast Designated CKSl and 
0^2, both encode protdns of 79 amino adds that share c^^ 

20 amino add levd v^ &eproducte of fl^ 

another geni in the fission yeast Sdrizosacdia^ Bo& human homologs 

capable ofr^cuing a ntm mutation of the S. cerevisiae Cfcsig^ 
fiomAe S. cerevisiae GALl promoter. Lii&ed to ScpJwrose beads, the CXS 
CKS2 protons could bind the 05028/0)02 protein Idnase &om bofli S. oerervisiae and 
25 hummcdls. TheOKSlandOKS2mRNAs arBexpressed^b 
the cdl cycle in HeU cells, whidi reflects spedalized r^^ 

Sprudc et d.,SWe«c« 300: 647-650 (^^ 
CKS2 and found fliOT to be vijfljle but sterile in both sex«^ SteriUty is duetpfirilure of 
both male and female germ ceUs to progress past flie fiist mdptic inetaifl^ 
30 diromosomaleventsthioughtfieendGfprophaselarenormidinb^^ 

and femdes, suggesting that the phenotype is due direcUy to fiiilure td^^e^^ 
and not a consequence of a checlq)oin^mediated metaphase I arrest 
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The C3csl protein is ia coiiq>oneQ^ 
biiddMg yeast SacclMUTpmyces Richardson al.. Genes Dev. ^ 

(1990) cloned 2 human h(miologs of the <^ Designated GKSl and 

5 CKS2, botti encode proteins of 79 amino acids that share considerable homology at the 
amino acid leyel witti the products of the corresponding gene in S. cerevisiae and 
another gene in the fission yeast Sohizosaccharomyces pombe. The OCSl and CKS2 
mRNAs were found to be expressed in diflfewsnt p 
cells, which reflects specialized roles for the encoded proteins. 

10 Ridiardson et al. (1990) showed fliat botti human Cksl homologs wm 

cai)able of rescuing a null mutation of the S. cerevisiae Cksl gene expressed fiom 
the S. cerevisiae GALl promoter. Linked to Sq)hiarose beads, the CKSl and <CKS2 
proteins could bind die CDC28/CDC2 protein kinase finom both S. cerevisiae ^ 
human ceils. . 

15 Byinvestigatingflicessentialroleof CKSl in S. cerevisiae 

al., Aizmr^ 423:1009-1013 (2003) demonsbrated that the protein is primarily involved in 
promoting mitosis by inodidating ft^ 
required for both the periodic dissodrtion of 

and die periodic association of the prpteasome with the jiromoter; Morris et al. (2003) 
20 proposedtthattheessmtialroleofCKSlistorea^ 
dissociate the CTIC28 ki^ 

by remodeling transcriptional complexes or chromatin associated witibi the CDC20 
. gene- . ■ 

Bourne et al., Cfe// 84:863-874 (1996) analyzed &e CTy^ 
25 flie CaJK-CKSl complex and defined the critical protein danudns involved in ttie 
interaction of the 2 molecules. They tested the biologic importance of flie structure- 
based model by constructing mutant alleles of CSKSl fliat led to dedceased interaction 
with CDK2. Bourne etal. (1996) concluded that Ae structu^ 

mode of CDK2 binding to CKSl, suggested a possible mechanised of cooperalivity and 
30 self regulation of CKS proteins during the cell cycle, and implicated CKiS as a targeting 
or matchmaking protein for CDK and at least 1 otiier phosphoprotein. 



CULl 



Kipreos k al.. Cell 85:829-839 (1996) fouikl that mutations in tiie cullin^ 
1 (cull) gene of C. elegans cause hyperplasia of all tissues. Th^ determined tbat cull 
is a negative regulator of the cell cyde; in cull mutimts, the Ql-to-S-phase progression 
is accelerated ovemding medianisms fOT 
small cells. Seardi^ofEST databases revealed that ^^^^ 

gene family, with at least 5 members in nematodes, 6 in humans, and 3 in S. c»Bvisiae. 
Humm CULl is an orfholog of nematode 

Michel and Xiong, Cfe// GroH^A Di^^^ 
CULl has homology to yeast Cac53/wUdt is part of a complex kno^^ 
mediates the ubicjuitiq-dependait degradation of Gl cycles and c^clih-4q>endiexit kinase 
inhibitors. SCF complexes are composed of SKPl, Cdc53, and an F box-containing 
protein, which may confer substrate specificity, these aufliors found that intCTactidn of 
the predicted 776-amino acid human CULl proteia with SKPl is mediated throu^ the 
N-tenninal domains of both proteins. Immunoprecipitation studies and Westmi blot 
analysis reveaiedtiiiat die steady-statelevels of bodi CULl and SKPl, as well as their 
association widi pne anotfier, remain relatively constant throughout the cell cycle and in 
postmitotic cells: However, none ofthe other human culUns tested inters 
SKPL Michel and Xibpg (1998) determined that via SKPl, CULl forms a complex 
with SKP2, an F bpxi«Mitaining protein, and cyclin A. The authors concluded that die 
SCF proteolytic pathway is evolutioniarily conserved and is used by mammalian CULl , 
while the other cuUin proteins may use a SKPl/F-bpx-indq)endent pi^wvy to mediate 
protein degradladoxL 

Maniatis, Genes Dev. l3: 505-510 (1999) reviewed ttie work of Wii^ton 
et al , Geiies Dev. 13:270-283 (1999) andothers c^^ 

complOT. CULl acts as a scaffold for SigPl and the F-box-containmg BTRC protein 
die SCF comply, whiciii regulates die function of nuclear fiictor kappa-B and beta- 
catrain. • ' 

Yn et ei.,I^c. Nat Acad Sd.95:lU^^ 
suggesting ttiat the pl9 (SKPl)/p45 (SKP2)/CyLl complex is likely to fimction as a 
conserved ubiquitin E3 en:^e that regulates flie mammalian Gl/S transition by 
specifically targeting mammalian Gl cell cycle regulators, such as p21 and cyclin D 
proteins, for ubiquitin-dependent degradation. 
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The sequential tiniing of 
the avaflAiKV and activity of Irey cell (^cle protd^ 

ofubiquitin ligases (E3 enzymes) cdledSCT complex^, wHdir^ate Ae abundance 
of proteins fliat promote and inhibit ceU (^cle progress 
5 and S phases. SCF complexes consist of 3 invariable oonqKnients, SKPl, CULl 
(CDC53 in yeast), and RBXl , and a variable F-box piotdn that recruits a spiedlSc 
ceUiilar protein to the ubiqiutin pa&way for degradation. To sti^ 
mammalian development and cell cycle regidation, Dealy et al.. Nature Genet 23:245r 
248 (1999) generated inice defident for OJl and andyzed null embryos Mid 
10 hetMozygousceU .lines. They showed that Cull is required for early mou^ 
development and diat Cull mutants M to rebate the abundan^^^^ 

^^lin El, during embryogaiesis. 

Zheng et al., Mofec. Cfe// 10:1519-1526 (2002) detarmined 
nujority of CULl is in a complex with GANDl and ROGl indepoident Of SICPl and 
13 the F box iTOtein SKP2/Both in vivo and in vitio, CAND 

and SKP2 to CWLl, while dissociation of CANDi fiwm CULl p^ 
reactioa. NeddjiatioriofCljnLl OTfliepTKo^ 

dissodaticHL These data suggested fliat CANDl r^ates Ibe formation of thei SGF 
c»ii5)lex and tiiat ilte dis»dation from CULl is cov^^ 
20 jttotdnsiittto the SCF complex, causing thdrdestabilizatioiL 

Liu et al., Afofec: GeH 10:151 1-15« (2002) Aow^ 
selectivdy binds to umieddylated CULl and is dissociated by CULl n 
CANDl fonnedafcnuay«mq)l«cwithCT andRobl. It di^odated Sld>l from 
CULl and inhibited SCF ligase activity in vitro. Siq>presdon of CANDl in vivo 

25 inawsed the level of lbe CULl-SKPl ccmq)leXv T^ 

restricting SKPl-CULl interaction, CAIIDI regulates the assembly 6f productive SCF 
ubiquitin ligase^ blowing a a)mmon CULl -ROC core to be utilized by a 1^ 
of SKPl-F box-siibstrate suboomplexes. 

StaropoU d al., We«rdn 37:735-749 (2003) demonstnrted that parkin 

30 assodates with &e F-box proteins FBXW7 and CULl in a distihd ubiquitin ligase 
complex. FBXW7 serves to targd ttie ligase activity to cyclin E, a protein previously 
implicated in the regulation of neuronal apoptosis. In cells transfeded witii the parkin 
T240R mutation, parkin defidOTcy potentiated tiie accaunulation of 



postmitotic heoions exposed to the glutamatergic exd 

flidr apoptosis. Furthermore, paridn overcxpressioa attomated cydin E accumulation 
in tpvin-ireated neurons and protiBCted them from apqptcwis. 

■ CUL2 

IQlpreos et al-. Cell 85:829-839 (1996) identified a conserved giBne 
family, designated cullins, wifli at least 5 monbers in nematodes, 6 in Inmuns, and 3 in 
S . cerevisiae. Humm GUi2 is an ortholog of nematode cul2/ Midid and Xiong, Ge0 
Growth Differ. 9: 435^9 (1998) identified humaii CUL2 d>NAs and reported that the 
predicted protein is 745 amino acids long. 

Vaase ^ a , I^c. Nat, Acad. Sd. 94:21^^ 
protein sequences of human and C. elegans cul2 are 45% identical. Using 
iinmimofluorcscence, they showed that aJI2 is a c^ 

translocated to the nucleus by VHL. Both Pause et al. (1997) and Lonergan et al., 
Molec. Cell Biol. 18: 732-741 (1998) found fliit CUL2 specifically associates witii the 
trimeric VHL-elopgin B-elongin C, or VBC, complex in vitro and in vivo. This 
assbdation was disnipted by mutations in VHL that disrupt elongin binding. Nearly 
70% of die naturaliy-occurring cancar-disposiag mutations in VHL abrog^ elong^ 
binding, suggesting that binding to elongin-CUL2 complexes contributes to the ability 
of VHL to suppress tumor growth in vivo. Pause et al, (1997) suggested thrt CUL2 is a 
candidate tinnor siqipressor gene, as has been propose Lonergan et al. 

(1998) demonstrated that formation of the VBC-O^ 
regulation of hypoxia-inducaT)lc mRNAs by VH^ 

regulation based on the similarity of elongin C ami CUL2 to SKPl and CULl, whi<A 
have been shown in yeast to form complexes that targe* specific iwotdns for tbiquitin- 
depeodent proteolysis, .■ ■■ . 

' CtJL3 ■ 

Kipreos et al., Cfe// 85:829-839 0996) identified a conserved 
family, designated cullins, with at least 5 membas in nematodes, 6 in humans^ and 3 in 
S. cerevisiae. Human C:XJl3 isan orthologofnCTiatodeciil3. Michdl and Xionjg, Cs// 
Growth Differ. 9:435-449 (1998) identified human CUL3 cDNAs and reported that the 
predicted protein is 768 amino acids long. Ishikawa et al., DNA Res. 5:169-176 (1998) 



isolated aCUL3 cDNA, KIAAd617, as 1 of 100 brain cDNAs encoding laige proteins. 
Using RT-PCRi they fovmd liiat CUli is ocpressed in several tissues. Du ct aL, iBiol. 
Cherii. 273:24289-24292 (1998) identified CUL3 ias a gene whose expression in human 
fibroblasts is induced by phoibol 12-myristate l3-a6etaie (PMA) and siqipressed by 
saUcylate. They reported that die sequences of Ae human and C. dega^ 
share 46% idaitity. Norfliem blot analysis revealed fliat CUL3 is ratpressed as major 
2.8- and minor 4.3-kb transcripts in Various human tissues, with Ibe highest levels in 
skeletal muscle and heart. 

, E2F-3 ■ 

The E2F family of tramcription fectors activate genes that control DNA 

s)tofl»effls (Chdlq>pan et al,, Cfe// 65:1053 (1991), ^ 
reference in its entirety). Cyclin E2 is rate limiting for Gl progression and its 
expression is related by E2F. E2F is a piyotal role in coordination of evente 
connected with itfolifaation, cell cycle arrest and iq>optosis. E2F transcription fectors 
also regulate cydin A gene aq>ression. Cyclins E and A are known to be active in Gl 
pbasbi yMcli is die iiriirval that cells re^nd jto extracellular stimuli, Gl regulators are 
impdftant in accelerating or braking the cdl cyde (Sheer, Cancer ^. 60:3689 (2000), 
wfaidi is hereby inf?orporated by rrference in its entirety). Because increased BVR 
expression has been sbovm to vqnegulate cj^lins A 31 and E2, as weU as^ 
transcription fector E2F-3, it is believed that BVR can be used to opntidl tlie 
ceU division cyde and dter periods asspdated witii DNA repUcation, llias allowing for 
DNA repdr and cell differentiation. 

MYC induces ti»iiscription of the E2F1, E2F2, and E2F3 genes. Using 
primary mouse OTbi^ro fibroblasts ddeted for individudE2fgaie^ Leoheetal., 
A/o/ec. Ce// 8:105-1 13 (2001) sdiowed tiiatMYC-^ 

requires distinct E2F activities. The abiiity of Myc to induce S phase was inquired in 
the absence of either E2f2 or E2f3 but not E2fl of E2f4. In contrast, the diiUty of Myc 
to induce apoptosis was markedly reduced in ceUs deleted forE2fl butnot E2£2 oir 
E2£3. The auUiors proposed that the induction of spedfic E2F activities is an nsential 
con^noit in the MYC pathways that control cell proliferation and cell fete dedsions. 

The retinoblastoma tumor suppressor (Rb) pathway is believed to have a 
mtical role in the control ofcellular proliferation by regdatingE2Fa:tivities. E2F1, 



E2F2, and E2F3 bdong to a subclass of E2F fectois fliou^ to Jact as tiuiscriptibnal 
activitoii inqwrtant for progression through the Gl/S transition. Wu et aU ATotore 414: 
457-462 (2001) iised a conditional gene targeting qiproaich to demonstrate that 
combined loss of these 3 E2iF fectore se^ 

completely abolishes the ability of mouse dnbryonic fibrohlasts to enter S phase, 

progress through mitosis, and proliferate. Loss of E2F function reisults in elevation of 

CIPl protein, leading to a dcCTease in cyclin-Jq)endent kinase activity and Rb 

phosphorylation. Wu et al. (2001) concluded that these findings suggest a fimctidn for 

tUssiibclass of E2F trtuascriptioiial activators in a iwsitive fee^ 

downmodulation of CJPl, that leads to ihe iiwctiyirtioh of IU>-dq)endeat rqwc^ and 

S'phaseenHy. 

By targeting die entire subclass of E2F transcriptional activatois, W 
al. (2001) provided direct genetic evidence for their essential role in c^ 
piogcession, proUferation, and development Wu et al. (2001) initially generated and 
interbred E2£l^ E2£2, and E2;G mutant mice, and found that although mice null for E2fl 
aiid E2£2 were yi^le and developed to adulthood, mice null for E2n and E20 or E2C 
and E2fi died early during embryonic developmoit, at or just before embryotnic day 
9 J, pointing to a central role for E2S in mouse development^ 

Cloud et al., Afolec Cell. Biol 22-.2663-2672 (2002) generated E2£3-nuU 
micft Tliey fomid tiiat E2e was esseoiial for embryonic viability in the pure 129/Sv 
biickgroinid, but that the presence of C57BL/6 alleles yidded some adiilt siirvivors. 
Although growth retarded, surviving E2£3 -/- animal 

exlubited no obvious tumor phenotype. They died prematurely, howcvw, vrfth sig^^^ 
typical oif congestive heart feilure, a defect completely distinct fiom diose rejported in 
E2fl-null mice. Qoiid et al (2002) also generated E2fl/E2f3 compound mutant mice 
and found that almost all of the devdopmaital and age-related defects arising in fliie 
individual E2fl- or E2f3-null mice were exacabated by the mutation of llie otiier^: 

'. MAD2L1 

Li and Benezra, Sfciencc 274:246-248 (1996) reviewed mitotic 
checlipoint control mechanisms and noted that these mechanisms check the cells 
preparedness to undergo division. Through these mechanisms cell cycle progression is 
blocked before the irreversible events associated with anq)hase if eiflier die mitotic 
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spindle apparatus is not properly assemb^ 

to tbe spindle. Nfitotic anest-deficient-2 (MAD2) is one of 6 yeast graes fliat leare 
required for execution of the mitotic checkpoint I>ysfunction of MAD2 may lead to . 
malignancy or degeacratipn of ceUs (Li md 
5 and Benezia, 5cie«te 274: 246^ 

U and Benezia (1996) isolated a hwan homolog of MA^ 
in a screen for high cc^y-number suppressors of thiabendazole s»sitivity in yeast 
lacking GBFl, a compbncatit of the Idndtpchore. (JMdbmiazol^ is a mitotic ^indle 
assembly inhibitorO The gene encodes a 265-«inino add pol^ 

10 determination revealed tfiat the open reading fitmie of the humane 

to the yeast MAD2 gene. They used antibody electroporation experim«its to 
demonstrate that the human MAD2 gaie was a necessary component of ttie mitotic 
checkpoint in HeLa cells. Through immunofluorescence studies they donbnstrated that 
the human MAI)2 protein is localized at the kinetodiore after chromosome 

15 condensation but that it is no longer observed at the kinetochore in mets^hase. Based 
on this observation they proposed diat MAD2 monitors the completeness o 
Idnetochoro attachment Li aiad Benezra (1 996) demonstrated fliat a human breast 
tumor cell line T47D has reducied MAD2 expression and that it feiled to arrest in 
mitosis after nocodazole treatment They proposed that loss of NfAP2 fbnction mig^ 

20 also lead to d>enrant chromosonie segregation in ma^^ 

Ch&kdt ai-, Science 274:242-245 (1996) isolated a Xraopus homolojg of 
yeast MAD2. They rq)orted &atAe prod 

spindle checkpoint assembly. The potein associated with unattadied kiiietochores in 
prometq>hase and nocodazole treated cells and disappeared fix>m kinetddiores at 
25 metaphase. 

Lub et al., Afofcc; Ce// 9:59-71 (20 
mediated siqipression of MADl function in mammalian cells caused losis of MAD2 
Idnetocboie localization and impairment of die spindle checkpoint MADl and CDC20 
contain MAD2-binding moti& that share a common consnsus, and the audiots 
30 identified a class of MAD2-binding peptides (MBPs) with a similar consensus. 
Bindkg of one of these ligands, MBPl, triggered an extensive rearrangem 
tertiary structure of MAD2. MAD2 also underwent a similar striking structural change 
upon binding to a MADl or CDC20 binding motif peptide. These data isuggested that. 
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upon checkpoint activation, MADl recruits MAD2 to imattaphed kinetbdiotes and may 

piompte buiding of MAD2 to CDC20. 

The initiation of chromosomb segi^ation at ani^^^ 

spindle assembly <^eckpbint to &e o^ 
5 during metaphase. To detennine the ftmctibn of the Mad2 pro 

division, Pobl« et al., Cett 101 :635-645 (2000) knocked out the Mad2 gene in mice. 
They found flwt embryomc celk lackiiig Mad2 at eni^ 
^ew normally but were untible to arrest in ie^>onse to si^ 
embryonic day 6 J, the cells of the epiblast began rapid ceU division, awl Ae ab^ 
10 a checkpoint resvdted in wdespiead chromosome nnssegr^aaon^^^^ 

contrast, the postmitotic trophoblast giant cells survived -wifliOTrt Mad2. Tlnis, flie 
spindle assembly checkpoint is required for accurate chrtmiosome 
mitotic mouse ceUs and for embryonic viabiUty, wen in &e absience of qw^ 
Shomi et ai j 5aencc 289: 300-303 (2000) characterized ihe 
15 checkpoint innieiosis of S. cerevisiaeby comparing wildtype and mad2^eficient yeasL 
In the absence of the checkpomt, the frequency of mdosis I missegregation increased 
with incrrasing chrorhosonie length, reaching 19% fer the longest cl^ 
Meiosis I nondisjunction in spindle checkpoint mutants could be prevented by delaying 
the onset of anaphase. In a recombinant^defective mutant, the checlqMint delayed the 
20 biochemical eveaite of anaphase I, suggesting that chromosomes that are attached to 
microtubules but are not under tension can activate flie spindle checkpoint Spindle 
dieclqwint mutants reduced the accuracy of chromosome segregation in indosis I 
mctfe thm that in mdosis n, suggesting that cheeky 
Down syndrome. Shoim et al. (2000) showrf that the budding yeast spm^ 
25 chedcpbint, which is largdydispens^lfe in wildtype mito 

mdotic chromosome segn^gation. They suggested that the diflferenoe naay reflect the 
diffeiait chromosome linkages in mitosis and mdosis L In nntosis, sistCT 
cohesion forces sister kinetochores to face opposite spindle poles. In mdosis I, 
homologs are linked at sites of reconibination that can be far fiom flie kinetochores, 
30 creating a floppy linkage. If the nearest recombin^on event is farther fi^ 
centromere onlong chhjmosomes, this idea may explairi why lorig ch^ 
prefCTOitially nondisjoin in checkpoint-defertive cdls. 



Michel et d.,iVa/w« 409:355-359 (2001) lep^^ 
MAD2 allele results in a defective mitotic checkpoiiit in botfi human cancer cdls and 
murine primary embryonic fibroblasts. Checkpoint-defective ceUs i^^ 
sister diromatid separation in the presence of spindle inhibitors and an elevated rate of 
chromosome missegregation events in the absence of tiiese agents. Fwttiermore, Mad2 
+/- mice develop lung tumors at high rates after long latencies, impUcating defects in 
tiie mitotic chedjppint in tumorigenesis, 

MCM6 

The MCM genes were originaUy identified 
minidirdniosome maintenance andhave sbce been shown to 

progression ofthecdlcyde; many are ceUdiviaon control gw MCMs2throu^7 
are tbou^t to be *DNA licensing fectors' whidibilid to the DNA aftor mitosis and 
autoleDNArepUcatibn before bring removed during S phase. Harvey et aL, F£BS 
Lett. 398: 135 140 (1996) identified flie human MCM6 gene and nu^yped it to 2q21 by 
fluorescence in situ hybridization. MCM6 is expressed in a wide vaiiely of huinan adult 
and fbtal tissues. 

. • . RBXl 

The VHL protein is part of a coniplex tiiat indudes elonem B, dcxig^ 
C/ and cullm-2(CnjL2)vProtdris a^sodated with transcriptional don^ 
ubiquitinatipn. Components of the VCB (VHL-dongin C/elongin B) corhplex share 
sequence similarities with the E3 ubiquitin ligase complexes, SCF (SKP1>CUL1-F- 
box protein) and APC (anaphase promoting complex). F-box protdns, sudi as S. 
cerevisiae Cdo4 and Girl, are adaptor protdns ttiaf recruit different binding partners to 
SCF (Tyers and Willems, 5cfe«cc 284: 602-604 (1999)). 

Kamura d al.. Science 284:657-661 (1999) purified the endogenous 
VHL complex from rat liver and determined tiie partial protein sequence of a 16-kP 
protein compondit By searching an EST database witii the peptide sequences, these 
authors identified human and mouse cDNAs encoding a predicted 108-amino add 
protdn. They designated the protein RBXl (RING-box protein-1) because it contained 
a RING-H2 fingd-like motif. The mouse and human RBXl proteins are identical, and 
there are RBXl homologs in Drpsophila, C. d<?gans, and S. cerevisiae. Kamura d al. 
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(1999) demonstrated that RBXl interacts with both CULl and CUL2. Ihey found that 
yeast Rbxl is a subunit and a potent activator of the SC3'-Cdc4 complex that is required 
for ubiquitination of the cyclin-dependent kinase inhibitor Sicl and for the G l -to-S ceU 
cycle transition. Mammalian RBXl rescued the viabiHty defect in yeast ibxl niutante. 

5 The authors concluded that the presence of RBXl as a component of both the VHL and 
SCF-Cdc4 complexes extends tiie structural similarity between these 2 complexes and 
rdses the possibiUty that die VHL complex may function as a ubiquito 
proteins. Skowyra et al.. Science 264: 662-665 (1 999) found that Rbxl is part of the 
yea« SCT-Grrl complex, which ubiquitinates fee phosphorylated Gl eye 

j(j : . UaiigmoiiseculUn-4Aasbaitinayeast2-hybridscieenofah\i^^ 

HelA pGAD <£>NA m)raiy, Ohta et aL, Mo/ec. C^^^^ 
Mghly comerved RING fin^ IHptdn^ whiA feey re^ 
(RBXl ai»d RBX2), wWch are h<toologous to APdll, a su^ 
promotiiig complex. The RBXl and RBjQ 
15 Yeast RBXl ci«»des an essential gene whose rediiced e^qiressioa resulted- in multiple, ; 
elongated buds and accumulation of Sicl and Chi2 proteMw RBXl 
ijnmuhocoinplexes can catalyze isopgrtide ligations to 

El- and E2-d«peiident manner. RBXl mutations completely abolished fedr ligase 
activity without noUceable dianges in associated protons, Ubiquitination of 
20 phpsphoryiated I-kappa-B-alpha can be catalyzed by the RBXl immunpopnH)lex in 
vitro Hence, combinations of RBX/APCl 1 and culliii proteins pbtentiaaiy constitute a 
wide variety of ubiquitin ligases. 

. RAD50 

25 The S.cerevisiae RadSO grae encodes a protdn that is ess^ 

double-stranded DNA break repair by nonhomologous DNA end joining and 
chromosomal integration. The yeast RadSO, Mrel 1, andXrs2 proteins appttr to act in 
a muitiprbtein complex, consistent widi die observation diat mutations in diese genes 
confer nearly identical phenotypw of no meiotic recombination and elevated rates of 

30 homplogous mitotic recombination. By direct selection of cDNAs fiom the 5q23-q31 
chromosomal interval, Dolganov et al., Molec. Cell BioL 16:4832-4841 (1996) isolated 
a cDNA encoding a human RadSO homolog. The human RAD50 gene spans 100 to 
130 kb. Northern blot analysis revealed that the RADSO gene was expressed as a 5.5- 



kb mKNA iffedominantly in testis. A femt 7-kb transOT 

considered to be an mRNA with an alternatively processed S^jrame end, was also 

detected. YeastRadSO and the predicted 1,3 12-amino add human RADSOprotdn 

share more than 50% identity in their N- and C-ternM. The central h^ 

doihains of the proteins have relatively divergent primary sequences but are predicted 

to adopt very similar coiled-coil structures. Using iimnunoprecipitation, Dolganov et 

a..(l$96) demonstrated that the 153-kD RADSO is stably associated with MREl l in a 

protein complex, wWch may also include proteins of 95 kD;200 MD, ^^^^ 

By inclusion wiihin nu^ed clones and by analysis of somatic cdl 
hybrids, Dolganov et al. (199>6) m^ed the RAD50 gene to 5q31, They suggested that 
aieoombinational PNA repairdefid^ormay be assodated with the d^el(q[xnait of 
myeloid leukemia, since this chromosonial region is frequently altoed in acute myeloid 
leukemia and myelodyi^lastic disease. 

Trajillo et al . J. Biol Chem. 273:21447-21450 (1998) detennined that 
flie 95-kD protein in tfie mammalian cdl nuclear complex containing RAD50 
MREl 1 is nihrinj or p95, the protein encoded by the gene mutated in Nijm^en 
breakage syndrome (NBS). The RAD50 Complex possessed manganese-dependent 
single^strahdedPNAendpnucleaseand3-primeto5-primeexonucleasea^ The 
authors stated fliat these nuclease acti\ities are likely to be important for lecombinaticni, 
repair, and genomic stabiUty. Carney et al., Cfetf 93:477-486 (1998) demonstrated that 
p95 is an integral member of the K4RE1 l/RADSO complex and tiwt the 
complex is impaired m ceUs from ISfBS patients. They stated that alflwu^ p95 has 
little sequence homology to yeast 3&s2, the 2 proteins can be conadered functional 
analogs since they link the conserved activities of MRE11/RAD50 to the ceUular DKA 
damage response in thdr respective organisms. 

Zhong et al j Science 285:747-750 (1999) showed that BRCAl interacts 
in vitro and in vivo with RAD50. Formation of irradiation-induced fod positive for 
BRCAl, RAD50, MREl 1, or p95 was dramatically reduced in HCC/1937 breast <^cer 
cells carrying A homozygous mutation in BRCAl but was restored by tiansfection of 
AVildtype BRCAl . Ectopic expression of wildtype, but not mutated, BRCAl in these 
cells rendered fliem less sensitive to the DNA damage agent melhyl metiianesulfonate, 
These data suggested to the authors that BRCAl is important for the cellular responses 
to DNA damage that are mediated by the RAD50-MRE1 l-p95 complex. 



Wang ct al.. Genes Dev. 14:927-93? (2000) iised mmiunppr^ 
and mass spectrometry analyses to identify BRCAl ^associated proteins. They found 
that BRCAi is part of a large inultisubunit protdh complex of tumor suppressors, DNA 
damage sensors, and signd transducers/ l^ey named to 

*BRCAl-associated genome surveillance complex/ Among the DNA repair proteins 
identified m the complex were ATM; ELM, MSH2, M 

MREll-NBSl complex, and the RFCl-RFC2-RFC4 cpri^^^ Confocal microscopy 
demonstrated that BRCAI, BLM, and the RAD50-MRE1 1-NBSl complex colocaUze 
to large nuclear fod- Wang et al. (2000) suggested that BASC may serve as a sensor of 
abnormal DNA stractures and/or as a regulator of the postreplication repair prpcesfs. 

Telomeres allow cells to distinguish natural chromosome ends fix)m 
damaged DNA and protect the ends &ora degradation and fusion. In human cells, 
teloDdere protection depends on the TTAGGG repeat-binding factor, TRF2, which miay 
remodel telomeres into large duplex loops (t-loops). Zhu et al.. Nature Genet 25:347t 
352 (2000) showed by nanoelectrospray tandem niass spectrometry fliat RAD50 protein 
is present in TRF2 immunocoinpl^es; C^immunopredpitation studies showed that a 
smai fiacrticm of RADSO, MR^ 

immunofluorescerice demonstrated the presence of RAD50 and MREl 1 at interphase 
telomeres. NBSl was associated wifli TRF2 and teloni»BS in S phase, but not in Gl or 
G2, Althou^ the MREl 1 complex accumulated in irradiationrinduced fodi (IMFs) in 
response to gamma-irradiation, tRF2 did not relocate to IRIFs and irradiiatibn did not 
affect the assodation of TRF2 wifli the MREl 1 complex, a^;uing against a role for 
TRF2 in double-strand break repair^ Zhu et d, (2000) proposed that the MREl 1 
complex fimctions at telomeresi possibly by mcklulatirig t-1^ 
The MREl i/RAPSO protdn complex fun^^ 
ceUular response to double strand breaks (pSBs), incluto^ 
damage, the activation of cell cycle checlq)oints, and DSB repair. Wh«eas genetic 
analyse in S. cerevisiae have provided insight regarding DSB repair functions of this 
highly conserved complex, the implication of the human complex in Nijm^en 
breakage syndrome reveals its role in cell cycle checkpoint functions. Luo et al.. Proa 
Nat. Acad, ScL 96:7376-7381 (1999) established mice with mutation in the mouse 
RadSP gene and examined the role of the Mrel l/RadSO protein complex in flie DNA 
damage response. Early embryonic cells deficient in RadSO were hypersensitive to 
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ionizing radiationj consistent with a role for this complex in the repair of ionizing 
radiatibn-indiuced DSBs. However, the null RadSO mutation was lethal in culhired 
: embryonic steriti cells and in early developing embryos, indicating that flie mammalian 
protein complex inediates functions in normally growing cells that are essential for 
5 viability, 

In mammaUan cells, a conserved muitiprotein complex of MREl 1, 
RAD50, and NBSl is important foi double-strand break repair, meiotic recombination, 
and telomere maintenance. In the absence of the early region E4, the double-stranded 
genome of adenoviruses is joined into concatamers too large to be packaged. Stracker . 

10 et al.. Nature 418:348.-352 (2002) investigated the cellidar proteins involved in the 
ooncatamer formation and how they are inactivated by E4 products during a wildtype 
infection. They demonstrated that concatamerization requires functional MREl 1 and 
NBSl, and that these proteins are found at fod adjacent to viral replication cmters; 
Infection with wildtype virus results in both reorganization and degradiation of membm 

15 of the MRE11-RAD50-NBS1 conqplex. These acdyiti^ are mediated byS viried 
oncoproteins that.prer^ent cbncatam 

involved in the genomic stability suggested a mechanism for 'hit-and-run* 
tmsformation observed for fliese vind pncoproteim 
Hopfoer et al^ //amre 41 8: 562-566 ^^(^ 

20 crystal sthicture of the Rad50 coiled-coil region 

interface at flie apex of the coiled coils in which pairs of conserved cys-x-rx-cys moti& V 
fomi interlocking hooks that bind one zinc ion. Biochemical, x-ray, and electron 
microscopy data indicated that these hooks can join opjxisitely protruding RadSO 
coiled-coil domains to form a flexible bridge of up to 1,200 a^ This sugg<^ted 

25 a function for the long imeition in the Rad50ABG-ATO 

functional, since mutations in this motif confer radiation sensitivity in yeast and disrupt 
binding at the distant Mrell nuclease interface. Hopfiier et al. (2002) concluded that 
their data support an architectural role for the RadSO coiled coils in forming metd 
mediated bridging complexes between 2 DNA-binding heads. The resulting assemblies 

30 have appropriate lengths and conformational properties to link sister chromatids in 
homologous recombination and DNA ends in nonhomologous end-joining. 

CDK4 



Hmnan cell division is regulated primarily at tiie Gl-to-S or flie G2-to-M 
boundaries The siequential activation of pyclin-dependent kinases (CDKs) and thar 
subsequent phosphoiylation of critical substrates pironote orderly pr^^ 
ihe ceU cycle. The complexes fomedby CDK4 andthel>type <grclins (e.g., Dl^ D2; 
D3) are involved in the control of cell proliferation during the Gl phase. . CDK4 is 
iiihibited by pl6, also known as cyclin-dependent kinase inhibitor-2 (CDKN2A). 

Harbour etal., <^// 98:859-869 (1999) presented evidence^t^ 
phosphorylation of the C-tenninal region of RB by CDK4/CDK6 initiates successive 
intramolecular interactions between the C-tenninal region and the coitral pocket The; 
imtial intoaction diq)l«>K hiistone deace^ 

transcriptional repression by KB. This feralitates a second interaction that leads to 
phosphorylation of the pocket by CDK2 and dimiption of podcet structure. These 
intrainoledjiar iiiteiactions provide a molecular basis for sequential pho£!pho;ryl|ition of 
RB by CDK4/CPK6 and CDK2. CDK4/CDK6 is activated early in Gl, blocking 
active repression by RB. Hpweva-, it is not until near the end of Gl, whoi cyclm E is 
repressed and GDK2 is activated, flmt RB is prevented frcm binding and iii^ 

E2F..- . .. \ -• . 

Modiano et aL, J. Immun. 165:6693-6702 (2000) found that 5 of 16 
heaitiiy individuals expressed CDK4 mRNA, protdn, and activity in unistimulated 
periphery blood T cells and that these T cells proliferated direcdy in respoiise to 
interleukih-2 (IL2) in the absence of mitogens. In cells fixwn these individuals, CPK4 
topression and activity were resistant to protein kinase inhiW 

cells fiom individuals lacking basal CDK4 expression. The phesiotype of the T belis of 
these individuals was comparable to that observed in a human IL2-dq[)endent T-cdl 
line. Modiano et al. (2000) proposed that iCDK4 activity may be a useful marker for 
cytokine responsiveness in T cells. 

In primary epidermal cells, Lazarov et al., Wa/wre JlfeA 8:1105-1 1 14 

(2002) found that oncogenic RAS transiently decreases CDK4 expression in association 
with cell cycle arrest in the Gl phase. CDK4 coexpression circumvents RAS growth 
suppression and induces invasive human neoplasia resanbling squamous cell 
caicinrana. Tumorigeiesis is dependent on CDK4 kinase function, with cyclin Dl 
required hut not sufficient for flus process, hi facilitating escape finom Gl growifli 
restraints, RAS and CDK4 alter the composition of cyclin D and cyclin E complexes 



and promote resistance to growth inhibition by INK4 cyclin-dependent kinase 
inhibitors, these data identified a new role for oncogenic RAS in CDK4 regulation and 
highlighted the fimctioijal importance of CDK4 suppression in preventing uncontrolled 
growth. 

Wolfd et aL, 5aeiice 269:1281-1284 (1995) identified a^^ 
as a tuHMr-spedfic antigen recognized by autologous 

human melanoma. The mutated CDK4 allele was present in autologous cultured 
melmoma cells and metostasis tissue, but not in the patient's lyn^)hocytes. The 
mutation, an aig24-to^ (R24C) exdwnge, was part of 1heCDK4 pq)tide recognized 
by cytolytic T lymphocytes and prevented binding of the a>K4 inhibitbr pl6(INK4A), 
but not of p21 or of p27. the same mutation was found in 1 additional mdanoma 
among 28 melanomas analyzed. These results suggested to thie Miflmrs that mutation of 
CDK4 can create a tumor-^iecific antig(m and can disnipt flie odl cy^ 

exerted by the tumor suppressor pl6. Inactivating mutations of the pl6 gene are 
responsible fiw genetic predisposition to melmoma. The R24C muta^ 

presumably contributes to malignant tran^^ 

creating a tumor^specific antigen. Such antigens are ideaUy suited as targets of tumor 
rqection responses, the aufliors speculated Ifliat tiu^ 

patient in whoin it was identified, because tiie patidit had remained fi»e of detectable 

disease for 7 years. 

Zouetal., Genes Dev. 16: 2923-2934 (2002) noted that Cdk4 null mice 
are viable, but tiiey exhibit diabetes mellitus due to degeneration of pancreatic beta 

cells, as well as growfli retardation and infertility due to severe hypopteia and 
dysfimction of the pituitary. Embryonic fibroblasts fix)m Cdk4 null nu^ 
proliferate at nonnal rates, but they display s 4- to 5-hour delay in reentry into tiie ceU 
cycle following quiescence. Zou et al. (2002) found that Cdk4 was required for Ras- 
mediated transformation, and Cdk4 disruption led to senescence that was independent 
of Aif orp53. Senescence was aissodated with increased Cdknl a stability. 

CDC20 \ 

Weinstdn et al , Mo/cc. Cfe//5wt 14: 3350r3363 (1994) identifitrf 
protein, designated p55CDC or CpC20, tiiat is homologous to tiie S, cerevisiae ceU 
division cycle 20 protein, in cycling mammalian cells. This transcript is detectable in 
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all exponentially growing ceU lines but disappears when cells aie chemically induced to 
differentiate. The i>55CDC protein is essential for cdl ^vision. ImmmioprecipitatiQii 
of p55CDC >delded protein complexes vwth Idnase activity that 
cell cycle. Since p55CDC did not have Ae conserved protein kina^ domains, this 
5 activity must be due to one or more of the associated proteins in the immune complex. 
The hi^est levels of protein kinase activity were seen with alpha-casein and myelin 
basic protein as substrat^ and danonstrated a pattern of a^ 

described for the known cycliii-dependeat cell division kinases. The p55CDC protein 
was also phosphoiylated in dividing cells. The 499-amino add sequence of p55CpC 
10 cpntans 7 repeats homologous to flie beta subunit of G proteins.^^^T^^^ 
homology in these rg)eate was found with the S. fserevfei 
whi<* We been proposed to be involved in the formation of a 
imtotic spindle ino^ cells. The G beta rq)eat h^ 

prot<rfn interactions and, in p55CDC, may modulate its assodation with a timque ceU 

15 cycle protein khwse, 

CPC20 is a component of the inannnalian cell cycle iftec h a h is in . 
Activation of the an^hasc^pnxraioting complex (APC) is re 

initiation and for exit firam mitosisi Fang et al.. Molec. C^/ 2:163-171 (1998) ^owed 
that APC was activated during mitows and Gl by 2 regulatory fectors, CpC26 arid 
20 HCDHl. these proteins direcdy bind to APC and activate its cyciin i*iqptin^ 

activity. CDC20 confers a strict destruction-box (D-box) dependieiice on APC, yrhile 
HCDHl shows a much more relaxed spedfidty for the D-box. In HeLa cells, the 
protein levels of CDG20 as wdl as its binding to APC peak in mitosis and decrease 
drastically at early Gl. Thus, CDC20 is flie mitotic activator of APC and directs the 
25 degradation of substrates containing the D-box. 

By Westigating the essential role of CKSl in S. cerevisiae, Morris et 
al.. Nature 423 : 1 009-101 3 (2003) demonstrated that the protein is primarily involved in 
promotingmitosis by modulating the transcriptional activation of CDe20. CKSl is 
required for botii the periodic dissodation of CDC28 kinase fix)m the CDC2*0 promoter 
30 and theperiodic assodation of the proteasome witii tiie promoter. Mortis et al. (2003) 
proposed that the essential role of CKSl is to reqiiit die proteasome to, and/or 
dissociate the CDC28 kinase fipm, the CIX;20 promoter, thus fedUtating transcription 
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by remodeling transcriptional con^letes or ch^ 
• gene. :. ■ 

Luo et al., Molec. Cell 9:59-7 1 (2002) showed fbat RNA interference- 
mediated suppression of MAD 1 fonodon in maimnalian cells caused lo^^^^ 

5 kinetochore localization and impairment of the spindle dieclq)oilit MAD 1 and CDC20 
contain MAD2rbinding motifs that share a common consensus, and die authors 
identified a class of MAD2-binding peptides (MBPs) witii a similar consensus. 
Bindipgof one of these ligands, MBPl, triggered an extensive rearrangement of the 
tertiary structure of MAD2. MAD2 also underwent a similar striking structural change 

10 iqwn binding to aMADl lor CDC20 binding motif peptide. 

iq)Ori cbed^wint activ^on, MADl rerauits MAD2 to unattached kinielochores and may 
promote binding of MAD2to CpC20. 

. ■ ■ RPL13A 

15 Adams et al , ffwrn. Molec. Gen^. 1:91-96 (1992) identified a novel 

cDNA iepresraiting an mKNA showing sijgnificanfly higher levels of e^qtression in 
benign breast lesions than in carcinomas. ]bi botii tissues, die eaqjtession was highest in 
epitheUal ceUsM determined by in situ hybridization to tissires The protein , 

deduced ftom die nucleotide sequence was Mghly basic with ito 

20 transmembtane sequence, but 2 potential nuclear localization si 

homology was found wifli known DNA or protein sequoioes. The cDNA hybridized tp 
multiple sequences within both human and other niaminalian galomes and to singjle 
genomic sequences in DroSophila, Physanun, and S<^^ 

die cDNA represents a highly conserved gene sequence. Oidy one major transcnpt was 
25 identified in human cells, but die existence of several pseudogenes was suspected. 

Thus, one aspect of the present invention relates to methods of 
modifying cell cycle or cell signaling padiways. These are achieved by modifying die 
nuclear or cellular concentration of BVR (or Segments or variants tiiereof) m a cell, 
30 whereby an inoease in the nuclear concentration of biliverdin reductase, or Augments 
or variante tiiereof increases die expression levels of certain ceU cycle or cell signaling 
proteins and decreases die expression levels of otiier cell cycle or cell signaling 
protons; whereas a decrease in the nuclear or cellular conceiitration of bilivCTdin 



reductase, or fragmaits or variants thereof, decreases the exprtssion levds qf certain 
cell cycle or cell Mgnaling luteins and bcreases Ae expessipn 

cycle or c?ell signaling proteins. ' 

Altering &e expression level of cell cycle or ceil signaling proteins by 

modifying the nuclear or cellular concentration of BVR (or fragments or variants 
thereoi^ in a cell may impUcate various dfeeases. For example, dysregulation of 
apoptosis can lead to various diseases and disorders. It is now weU-known that reduced 
apoiptosis may contribute to tuinorigenesis and formation of cancer, thus, induction of 
tumor cdl apoptosis can be an effective approach in treating cancer. In addition, 
stimulation of endotheUd ceU apoptods may prwent tumor blcK)d sup^^^^ 
tumor regression. See Dinmieler and Zeih^, Gii:. Res., 8'7:434-439 (2000). 
Dysreguiati(m of apoptosis is also an integral part of a wide range of autoimmune 
diseases aiid disordos. See Raviriajan et al., Iht Rev. Immunol., 18:563-589 (1?99). In 
addition, many neurologicd disorders involve apoptosis. 
little nomwl neuronal cell death. However, neurological diseases, paitidilariy 
neurodegenerative diseases are ofUm assocdated wi& excessnve neoial ceU4eatfa. iSee 
Honii and Rosenberg Asl J. Med., 108:317-:330 (2000). For example, Paikihson's 
disease is associated^th the loss oif substantia nigra pars pranpacta: and synipaflietic 
ganglia, while Aliheimei^s disease is characterized with selective cdl loss of entoihinal 
neurons, and hippocampal neurons, cortical neurons. See Honig and Rps^berg, Am. J. 

Med., 108^17-330 (iOOO). 

Apoptosis dso plays an important role in osteoporotic disordOT 

including, but not limited to, postmjsnopausal osteoporosis, involution^; osteopoipsis, 
and glucocorticoid-induced osteoporosis. See Weinstem, al.. Am. J. Med., 108:153- 
1 64 (2000). Generally, under normal conditions, die balance between boiw fiMinatiqn, 
bone resorption, bone cell proliferation and apoptosis maintains nearly constant bone 
mass. The imbalance of such processes leads to abnormal bone remodelinfe and thus 
osteoporosis and other bone-related diseases. It has been suggested that treatment or 
prevention of o steoporosis may be achieved by promotion of osteoclast ^ptosis and 
prevention of osteoblast apoptosis. See Weinstein, et al.. Am. J. Med , 108:153-164 
(2000). 

Apoptosis also has physiological significance in animal virus infection. 
See Kyama et al.. Microbes and hifijction, 2:1 111-1117 (2000). Apoptosis of oeUs 
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infected with viruses may slow the vind multiplication process, althou^ animal viruses 
typically able to escape apoptosis of 4e infected cell^^^ 

suggested that apoptosis of the infected cells triggers the phagocytosis of the dying cells 
by macrophages. This.phagocytosis prevents the leakage of toxic substances tha^ 

5 mediators of dysregulated inflammatory reactions. As a result, dysregulated 

inflfflnmatory reactions are prevented while specific immune response against the 
viruses are initiated at the viral infection site. See Kyama et al.. Microbes and Infection, 
2:1111-1117 (2000). On flie other hand, in the case of HIV infection, viral infection- 
induced jqwptosis of CD4* T ceUs contributes to flie depletion of CIM^T ce^ 

10 piogressioii of HIV infection and AIDS, which is associated with ^nmonodeficiency. 
Thus, iiihiTntion of apoptosis of CP4* T ce^^ 

treating HIV.infection and AIDS. See KHsdma- et al., JAIDS J. Acq. Iimn. De£ Syn.i 

24:352-362(2000). 

Additi6nallyi aiK)ptosis tdso plays a role in diseases sudiM 

15 heart disease, stroke, and sepsis. For example, apoptosi^^^ 

after coebialisdiemiaihay contribute to s^ See Johnson etal., J. Neurotrmima., 
12:843-52 (1995). Thus, inhibition of apoptosis may be an approacdi in ttie deveHqpoient 
of ifli6rq)eutic intervteiitipns of iscianic stroke. In addition, the inhibitibn of endothelial 
cell apoptosis may in^ve ^ogen^esis and vasculogenesis in patients wifli ischrania, 
and thus maybe an effective method for treatinig isidiemia injuries. See Dtmmeler and 
Zdher, CSr. Rfis^ 87:434-439 (2000). 

Thus, the metibods can be appUcable to a variety of tum<Mi^ 

abnormal growth, whether cancerous (malignant) or noncancaous (bcmgn), and 
whether primary tumors or secondary tumOTS. Su<±L disorders m^^ 

25 limited to lung cancers such as bronchogenic cardrioma (eg., squamous cell 

carcinoma, small ceU cardnoma, large cell carcinonia, and adenocarcinoma), alveolar 
cell carcinoma, bronchial adenoma, chondromatous hamartoma (noncancerous), and 
sarcoma (cancerous); heart tumors such as myxoma, fibromas and rlwbdomyomas; 
bone tumors such as osteochondromas, condromas, chondroblastomas, 

30 chondromyxoid fibromas, osteoid osteomas, giant cell tumors, chondrosarcoma, 
multiple myeloma, osteosarcoma, fibrosarcomas, malignant fibrous histiocytomas, 
Ewing's tumor (Eiwing's saicomja), and reticulum cell sarcoma; brain tumors such as 
gliomas (e.g., glioblastoma multiforme), anaplastic astrocytomas, astrocytomas, and 
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oligodOTdiogUomas, medulloblastomas, diordoiM, S<^wa^ 
meninffomas, pituitaiy adenoma, pinealoma, ostewmas, and 
craniopharyngjomas, choidonias, genninomas, tCTatomas, domoid cysts, and 
angiomas; various oral cancers; tumors in digestive syston such as leiomyoma, 

5 epidermoid carcinoma, adenocardnoma, leiomyosarcoma, stomach adenocarcinomas, 
mtestinal lipomas, intestinal neurofibromas, intestinal filwomas, polyps in large 
intestine, fknilial polyposis such as Gardner's syndrome and Peutz-Je^ers synAx>me, 
colorectal cancers (including colon cancer and rectal cancer); liver cancers suet as 
hepatoceUular adenonaas, hemangioma, hqjatocellular carcinoma, fibrolamellar . 

10 cardnoma, cholangjocardrioma, hejMrtoblastoma, and angjosaromM; Iddney ttpOTS 
su A as kidney adenocarcinoma, renal ceU carcinoina, hype^ 
transitianal ceU auxanoma of the renal pelvis^ 

system including acute lymphocytic (lymphoblastic) leukemia, acute miyeioid 
(myelocytic, myelbgimous, myeloblastic, myelomonocytic) le^ 
15 lymphocytic leukMia(e.g.,Sezaiy syndrome and hairy ceUleukenua), ch^ 

myelocytic (myeloid, myeipgenotis, granulocytic) leukoma. Hodman's lymphomia, 
non-Hodgidn's lyn^Homa, mycosis ftmgoides, an^ 
(including mydiiprbliferativedisoM 

timmbpcythemia, 9nd chronic myelocytic leukemia); skin, cancers sudi as bawl cell 
20 cardnomai squamous ceU cfflxanonu^ mdanoma, Kaposi's sarcoii^ 

<fceas^ head and ne<ik cancersVeye-related caiicers suA 

intraocular mdanocaianom^ male re^ffoductive Systran cancers 8^ 

prostatic hypoplaaa, prostate canctt, and t^cidar 

teratoma, anbiyonsl cardnoma, and dioriocardnoHM); 
25 reproductive system cancers sudi as uterus canbd: (endometrial cardnoma), peryicd 
cancer (cervical cardnoma), cancw of the ovaries (ovarian cardnoma),^ 
carcinoma, vaginal cardnoma, fallopian tube cancer, and hydatidiform mole; thyroid 
cancer (including papillary, follicular, anaplastic, or medullary cancer); 
pheochromocytomas (adrenal gland); noncancerous growths of the parathyroid 

30 glands; cancerous or noncancerous growths of the pancreas; etc. 

Spedfically, breast cancers, colon cancers, prostate cancers, lung 
cancers and skin cancers may be amenable to the treatment by the methods of the 
present invention. In addition, premalignant conditions may also be treated by tiie 



methods of the present invention to prevent or stop the progresaon of snich conditions 
towards malignancy, or cause regression of the prenialignant conditions. Examples of 
pretnalignant conditioris include hyperplasia, dysplasia, and m 
Thus, the term ^'treating caiicer'* as used hq:^ 
administering therapeutic agents to a patient diagnosed of caries, i.e., haying 
established cancer in the patien^ to inhibit the further growth or spread of the 
malignant cells in the cancerous tissue, and/or to cause the death of the malignant 
ceUs The tenn * treating canco^' also encompasses treatii^ a patient 
premaHgnant conditions to stop the progression of, or cause regre^^ 

pirenuJignant conditions. 

The methods of the present invention may also be useful in tneatmg or 
preventing other diseases and disorders caused by abnormal cell proliferation 
(hyperproiiferation or dysprbliferation), e.g., keloid, liver diifaosis, psoriasis, etc. In 
addition, the mefliods may also find applications in promoting wound healing, and 
othCT oeU and tissue growth-related opnditionis. 

The mefliods for modulating the expressiori levels of cell cycling and 
cell signaling proteins may be employed tp inodtilate apoptosis and lipid metabolism, hi 
addition, the mefliods may dso be used in the tr^^ 
^sordOT sucA as cancer, viral infe^ 

diseases, neurodegenerative diseases, inflammatoiy disorders, sqisis, and[ osteoporosis. 

In yet anotiier embo4iment, the mefliods for modulating the expressiori . 
levels of cell cycling and/or cell signaling proteins may be used in treating or 
preventing autoimmunie diseases and disorders including, but not limited to, 
rheumatoid arthritis, systemic lupus erythematosus (SLE), Sjogren^s syndrome, 
Canale^Sinith syndrome, psoriasis, scleroderma, dermatomyositis, polymyositis, 
Behcet's s>iidrome, skin-related autoimmue diseases such as biillus pemphigoid, IgA 
dermatosis, pemphigus vulgaris, pemphigus foliaceus, dermatitis herpetiformis, 
contact dmnatitis, autoinmume allopecia, erythema nodosa, and epideirmolysis 
bullous aquisita, drug-induced hemotologic autoimmune disorders, autoimmue 
thrombocytopenic purpura, autoimmune neutropenia, systemic sclerosiis, multiple 
sclerosis, imflammatory demyelinating, diabetes mellitus, autoimmune polyglandular , 
syndromes, vasculitides, Wegener's granulomatosis, Hashimoto's disease. 
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inultinodvdar goitre, Grave's disease, autoiminime enc^halomyelitis (EAE), 
demyelinating diseases, etc. 

The methods of the present iiivenfion can also be useful 

neurodegeneratiye disorders including, but not linuted^ 
5 frontotemporal dementia, Parkinson's disease, Huntington's disease, brain trauina, 
infarction, hemorrhage, amytrophic lat^al sclerosis/Lou Gehrig's disease (ALS), 
inherited ataxias such as olivopontocerebellar atrophy (spinocerebellar ataxia type 1 )* 
and Madiado Joseph disease (spinocerebellar ataxia type 3). 

BVR can be used for therapeutic interventions in neurodegenerative 
10 disorders as a mediod to promote neuronal cell growth or differentiatipn of unpommited 
cells to neurons. BVR also can be used to control viral replication and oncogCTsis. 

The <»]1 in which the nuclear or ceU 
fiagments or variants thereof is to be modified can be located in vivo or « vivo. 

The nuclei or cellular coiicentration of BVR (or fragments or Variants 
15 thereof) can be modified according to a number of approaches, ei^er by deliverLog the 
BVR (or fragments or variants fliCTeof) or antisense BVR RNA molecule into the cell in 
a maimCT which affords the protein or 
the ceU or by deUvcacing DNA 
antiseMC BVR ]RNA molecule i^^^ 
20 expression thereof in the cell. When BVR (or fragments or variants thereof) is 
deUvcred into target cells^ it may be desirable that^^ra^ 

nuclear uptake oflhe BVR (dr fragments or variants & As noted aJiovc, B VR or 

fragments or variante contain ttie native BVFL nuclear localizatibn signid or a c*inieric 

nuclear localization signal. When antisense BVR RNA js delivered into t^ 
25 antisense RNA is effective in the cytoplasm and need not be targeted to 

location within the cytoplasm, although higher efficacy can be obtained when targeting 

the antisense BVR RNA to ribosomal sites. 

One approach for delivering protein or polypeptides or RNA molecules 

into cells involves the \ise of liposomes. Basically, this involves proving a Uposome 
30 which includes that protein or polypeptide or RNA to be delivered,^m^ 

ihe target cell with the liposome under conditions effective for delivay of the protein or 

polypeptide or RNA into the cell. 



Liposomes are vesicles comprised of one or more concentrij^ 
lipid bilayers which encapsulate an aqueous phase. They are nomially not leaky, but 
can become leaky if a hole or pore occurs in the nlembrane, if the membrane is 
dissolved or degrades, or if the mraibrane temperature is increased to the phase 
transition temperature. Current methods of drug delivery via liposomes require that the 
liposome carrier ultimately become permeable and release the encapsulated dnig at the 
target site. This can be accomplished, for example, in a passive maimer wherein the 
liposome bilayer de^des over time through the action of various agents ini the body. 
Every liposome composition will have a characteristic half-life in the circulation or at 
other sites ill Ae body and, thus, by controUing the Wf-^^^^ 
composition, the rate at which the bilayer degrades c^ 

In contrast to passive drag release, active drug release involves using an 
agent to induce a permeabili^ diange in the liposome vesicle. Liposdnie membranes 
can be constnicted so that thqr become destabilized 

addic near the Hposome membrane (see, e.g.,/Voc,J^^^ tAM 84:7851 

{19S7); Biochemistry 28:908 (1989), eadi of which is hereby incorporated by reference 
in its entirety). Whrai liposomes are mdocytosed by a tai^et cell, for example, tiiey can 
be routed to acidic eindosom^ which will destabilize flie liposome and result in drug 
release. 

Alternatively, the liposome membrane can be chemically modificsd such 
that m enzyme is placed! as a coatuig on the mmbrane, whi A 
destabilizes the liposome. Since control of drag release dq>ends on fte concentration 
of enzyme initially placed in flie membrane, there is no real effective way to modulate 
or alter drug release to achieve *'pn demmd" drug delivery, The same problem exists 
for pH sensitive liposomes in tiiat as soon as tiie liposome vesicle comes mto contact 
with a target cell, it will be engulfed and a drop in pH wiU lead to drug release. 

This liposome delivery system can also be made to accumulate at a 
target organ, tissue, or cell via active targeting (e.g., by incorporating an jantibody or 
hormone on the surface ofthe liposomal vehicle). This can be achieved according to 

known methods. 

Diflferent types of liposomes can be prepared according to Bangjiam 
d.,J.MoLBioL 13:238-252 (1965); U.S. Patent No. 5,653,996 to Hsu et al.; U.S. 
Patent No. 5,643,599 to Lee etal.;U.S. PatentNo. 5,885,613 to Holland et al.; U.S. 



Patent No. 5,631^37 to Dzau ct d.; and U.S. Patent No. 5,059i421 to Lpu^Jirey e* al., 
each of wWch is hereby incorporated by re^^ 

An alternative approach for delivery of proteins or polypq)tidcs uw 
the conjugation of the. desired protein or polypeptide to a polymer that is stabilized to 
avoid enzymatic degradation of the conjugated protein or polypeptide. Conjugated 
proteins or polypeptides of this type are descn^ed in U.S. Patent No.5,681,81 1 to 
Ekwiiribft which is herd>y incorporated by reference in its entirety* 

Yet another approach for delivery of proteins or poly^tides involves 
prcparatian of diimaic proteins according to U.S. Patent No. 5,817,789 to Heartlein et 
al., which is hereby inooiporated by refra The dumCTic protein can 

include a ligand domain and, e-g.^ BVR or a firagmait or variant thereof as described 
above. The Ugand domain is specific for receptors located on a target cell. Thus, yvben 
the dmnraic protein is delivered intravenously or odierw^e introduced into blood or 
IjOTpW the iAinOTC protein will adsorb to the targeted asU, and the targeted cdl will 

iiitenialize flie chimaic protein; 

When it is desirable to achieve hetero^ 
protein or polypeptide or RNA molecule in a target cell, DNA moleoiles encoding the 
desired protein or poijreptide or RNA can be deUveredm^^ BasicaUy, fhis 

includes providing a nucleic add molecule encoding iflie proton or polyi^ 
then mtrodudng the nucleic acid molecule into the cell under conditions effective to 
express the protein or polypqjtide or RNA in the pdl. Preferably, fliis is achieved by : 
inserting the nuddc acid molecule into an expression vector b^ne it is infroduced into 
■ iheoell.. 

When tftmsforniiiig msmnmidian ceUs for heterolopiw e:^^ 
protein or poljT)eptide, an adenovirus vector can bc! employed A 
delivery vehicles can be readily prepared and utilized givtai the disclosure provided in 
Berkner, Biotechniques 6:616-627 (1988) and Rosenfeld et al., SdenoB 252:431-4314 
(1991), WO 93/07283, WO 93/06223, and WO 93/07282, each of which is herd^ 
incorporated by reference in its entirety. Adenq-associated viral gene deUvery vehicles 
can be constructed and used to deUver a gene to cells. Theuseof adeiio-associated 
viral gene delivery vehicles in vitro is described in Chatterjee et al.. Science 258:1485- 
1488 (1992); Walsh et al., Proc Nat'L Acad. Sd. USA 89:7257-7261 (1992); Walsh et 
al., J: Clin Invest 94:1440-1448 (1994); Flotte et al., J. Biol. Chem. 268:3781-3790 
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(1993); Ponnazhagan et al., J. Exp. Med. 179:733-738 (1994); Miller et al,, Proc. Nat'l 
Acad. ScL USA 91:mS3-l0lS7 {199^^^ 
X1995); Luo ^ai., Exp. HematoLl^^^ 

3 :223-229 (1 996), each of which is hereby incorporated by refCTcnce in its entirety. In 
5 vivo use of these vehicles is described in Flotte et al., Proc. Nat'l Acad. Sci. USA 
90:10613-10617 (1993); and K^pUttet al.,^a^M^e G^ 8:148-153 (1994), each of 
which is hereby incorporated by reference in its entirety/ 

adenovirus vectore are described in U.S. Patent No. 6,057,155 to Wickham et al.; U.S. 
PatentNo. 6,033^908 to Bout et al.; U.S. Patent No. 6,001,557 U.S. 
10 Patent No. 5,994, 132 to Chamberlain et al.; U.S. P^ent No,5,981 ,225 to Kochanek et 
aL; and U.S. Patent No. 5,88^08 to Spooner et al-; and UiS. Pat 
Curiel, eadi of which is hereby incorporated by reference in its entirety). 

Retroviral vectors which have been modified to form infective 
transformation systems cai dso be used to deliver nucleic acid encoding a desired 
15 protein or polypeptide or RNA produpt into a target cell. One such type of retroviral 
vector is disclosed in U.S. Patait No. 5,849,586 to Kriegler et al,, whic^i is hereby 
incorporated by reference in its entirety. 

Rcganiless of the type of infective transfonnation system employed^ 
should be targeted for delivisry of the nucldc add to a specific ceil type. For example, 
20 for delivay of the nucldc add into a cluster of cells, a bi^ titer of the infective 
transfprmatidn system can be injected directly wifliin the site of those cdls so ais to 
enhance die likelihood of cell infection. The infected cells will then exprc^ the desired 
product, in this casie B VR (or Segments or variants dieieof) or antisense BVR RNA, to 
modify &e expressicm of ccU cycle or ceU signal^ 
25 Whether ttie proteins or polypeptides or nucldc add^ 

alone or in combination with pharmaceutically or physiologically acceptable caniCTS, 
excipients, or stabilizers, or iri solid or liqmd form such as, tablete^ 
solutions, suspensions, or emulsions, they can be administered orally, parenteraUy, 
subcutaneously;, intravenously, intramuscularly, intraperitoneally, by intranasal 
30 instillation, by intracavitary or intravesical instillation, intraocularly, intraarterially, 
intral^ionally, by application to mucous membranes, such as, that of flie nose, throat, 
and bronchial tubes, or by transdermal delivery. For most therapeutic purposes, the 
proteins or polypeptides or nucldc acids can be administered intravenoi^^ 



For injectable dosage, solutions or suspensions.©^ 
be prepared m a physiolpgicaUy acceptable dUuent with a phannac^ Sydi 
carriers indude stenle liquids, such as w^ar and oils, Witii or without^ addition of* 
surfactant and other phaimaceutically and physiologically acceptaiblcl caiiier, induding 
adjuvants, exdpients or stabilizers;' Illustratiye oils are Abse ofpetioleum, ammal, 
vegetable, or synflietic origin, for example, peanut oil, soj^ean oil, or mihetal^ o^^ In 

general, water, saline, aqueous dextrose and related sugar solution, and glycols^ sudi as 
propylene glycol or polyethylene glycol, are preferred Uquid carriers, parf 

injectable solutions. 

For use as aerosols, the proteins or polypeptides or nUcldc adds in 
sbhition or suspension imay bei packaged in a pressurized aerosol contains together 
wi4 suitable propdlants, for example, hydrocarbon propellants like propane, butane, or 
isobutaiie with corrventional adjuvants. The materials of the present invention also may 
be adnrinistered in a non-pressurized fonn such as in a nebiJizer or atornizCT. 

Both the biUverdin reductase, or fragment or variant thereof; and tiie . 
antisense RNA can be deUyered to the target ceUs (i.e., at or around die site of the 
stiokblsdiqnic event), using the above-described m 

therapeutic products! In delivering tire therapeutic products to nierve ceUs in the brain, 
considaation should be provided to negotiation of the blood-brain barrier. The blood- 
brain barrier typicaUy prwmts niany conqwunds in the blo^ 
tissues and fluids of the brain. Nature provides ttiis medwnism to insure a toxin-fiee 
environment for neurologic fanc?tion. However, it also prevents ddiveryto the braiii of 
therapeutic compounds. 

One jqjproadi fiff iiegotia 
Patent No. 5,75?,51 5 to Jolesz d al., whidi is hc9«by incorporated by referenc^^^ 
entirety. Basically, flie blood-brain barrier is temporarily "opened" by targeting a 
selected location in the brain and applying ultiasound to induce, in tiie coitral nervous 
system (CNS) tissues and/or fluids at that location, a change ddectable by imajging. A 
protein or polypeptide or molecule of the presrait invention can deUvcrcd to the 
targeted region of the brain while the blood-brain barrier remains "open," allowing 
targeted neurond cells to uptake tiie delivered protein or polypeptide or RNA. At least 
a portion of tiie brain in the vicinity of the selected location can be imaged, e.g., via 
magnetic resonance imaging, to coiifinn the location of tiie change. Alternative 
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appioaches for negotiatmg the blood-brain bamer include duffieric pe^ 
modified liposome structures which contain a PEG tooiety (reviewed in Par^ 
^ewroc^em. 70:1781-1792 (1998), which is hereby incoiporate^ 
entirety), as well as osmotic opening (i.e., with bradykinin, mannitol, RPM7, etc.) iand 
5 direct intracerebral infiision(KroU et d., //eMrojttrg«y 4^^^ 
is herd>y incorporated by referei^ce in its entirety. 

■ EXAMPLES 

JO "Hie fpUowing examples are provided to iUustrate eiiib<^^ 

present inventiaii, but th^ are by no meaiis int»di?d 

Kxamplel - Microarray Analysis of CeU C^ycle and Cell Signaling P^tdiis 
Following BVR Expression in HEK Ceils 

'15 . ■ 

The siTucture of the coding and flie non-coding constructs are 
illustrated in Figure 1.1 6h after transfection there was a significant incf^ 
expression that reached a prominent peak at 24h after transfection. The Western blot 
analysis of protein expression is shown in Figure 2. Analysis of percent of cells in 

20 Gl/GO phase at 18h and 24h, respectively, resulted in the following data: 3 1% and 
21% when transfected widi the reverse construct, 50% and 48% whrai transected with 
the wild-type BVR coiistruct Becaiise the Gl/GO is &e quiescence phase in cell 
<qrcle, i.e., when DNA repair takes place, an increase in duration of the phase is 
considered a protective cell reisponse. the results of die gene array analysis showed 

25 increase in mSNA levels for several kinases and transcription factors that control cell 
cycle transition! The increases measured up to 30-fold were found in: ATF-2/CREB 
(activating transoiption factor-2, cAMP response element bindii^ protein), cyclinA, 
cyclinJ^ and E2F-3. Others also demonstrated agnificant increases in expression 
levds. Notdily, mRNA levels for cytochrome P450 aromatos^ m 

30 responsible fi)f estrogen biosyndiesi^ was increase by over 30-fold; TraiKcription of 
this gene is regidated tbpu^ cAMP reg^ilatory eleihCTt We^ 
revealed ±at in feet ATF-2 protein is significantly increased in cells tamsfe 
HBVR at 16 h and 24 h after transfection (see Figure 3). 
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In hBVR transfected cells, gene array analysis show altered exptessipn 
of sevCTal oftier cell cycle enzymes and regulators including Cdc2Sa. Cdc2Sa 
mRNA is increased by over 20-fold- This cell division enzyme actiw^ 
B complex formation that induces meiotic metaphase. These studies show that hBVR 
5 interact wth chromatin as cell divides (see Figure 4). 

Although the invention has been described in detail for 
illustration, it is understood that such detail is solely for that purpose, and variations 
can be made therein by those skilled in the art without departing from fhp spirit and 
10 scope of the invoition which is defined by the following claims. 

Each of the references dted m ti^^^ 
incoiporaM.heiran in its entirety by rtferen^^^^ 
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Biliyerdin Reductase: a Novel R^ulator 
For Induction of Activating Transcription Factor-? and Heme 

Oxygenase-! 



Summary 

B VR catalyzes reduction of the HO activity product, bilivadin, to bilirubia hBVR is a 
serine/flireonine kinase that contains a bZip domain. We examined whethor increased 
expression of hBVR in the cell affects regulation of geae exjaession. 293A cells were infected 
with Ad-Dox-inducible hBVR cDNA. High-level expression of hBVR was determined at 
mRNA, protein and activity l^els 8h after induction. Cell signal transduction microaiTay 
analysis of ceUs infected wifli expression or with the control AdrlNV-hBVR vector identified 
ATF-2 amorigst graes iq)-regiilated in hBVR expression tra^ Northern and Western 

blot an^yses showed increases of 9-fold in ATF-2 mRNA and 10-fold in protein, respectively, 
at 16h and 24h after induction. Ad-INV-hBVR did not eff^ 

bZip transCTiptipn factor for activation of cAMP response element (CRE) and a dimertc partner 
to c-Jmi in MAPK pathway that regulates Ae stress protein, HO-1 expression, fii BVR 
infected cells, levels of HO-l mRNA and protein, measured by ELISA, were increased. In 
Wira translated hBVR in gel mobiUty-shift assay bound to a ^^^^^ 

corresponding to flie ATF^2 promota- region containing ttie AP-1 binding site. Binding could 
be competed out by excess unlabeled probe; and, in the presence of hBVR antibody, di^lays a 
shifted band. The hBVR, like ATF-2, binds to CRE. Findings identify hBVR as a regulator of 
ATF-2 and HO-1 expression, and therefore, Oiat of AP-1 and cAMP-regulated genes. We 
propose that hBVR plays a major role in cell signaling and suggest that inCTMsed expression of 
Ae protein can be used to altCT gene expresaon profile in 



Intr duction 

The weU-known fimctipn of biUyewIin lXo reductase (BVR) is catalysis of 
biUyerdiri reduction to bilirubin (1-8). Biliverdin is a product of cleavage of the heme 
macrocycie (Fe-piotopoiphyrin DC, he^ 

oxygenase (HO) system (reviewed in 941). The enzymes are also knov^ 
shodc protein-32 (HSP32) femily of proteins (m 

Recent studies have uncovered features of the reductase ftat are unrelated to its 
reductase activity; BVR has been characterized as a serinemireonine kinase (17) that is 
activated by oxygen radicals and translocates into the nudeus in response to cGMP and 
oxidative stress (18,19). The presence of a "leucine zipper*' motif: Lqj*^x6 Leu*^ x6 
Lys"' x6 Leu'*°x6 Leu'", that is preceded by a conserved basic domain, togeflier widi 
mutation analyses, identified the sequence as a dimerization domain. The DNA binding 
abiUty of the protein was confirmed by demonstrating it»s binding to the 
sequence of AP-1 sites in the HO-lpiomotCT.Tliecrystd structure of rat BVR has been 
solved 1^0,21); using coordinates for rat ©ozyme, in the predicted 3 dimensiwial structure 
of httiMn reductase, die dimerization domain was found consistent wth its abiUQr to bmd 
DNA. Collectively, these criteria were supportive of BVR being a mranb« of the bZip 
DNA binding femiiy of transcription fectors. The membors of the family, which include 
transcription fectors x My,^ GCN4. o-Juni CREB^ o-Fos and sYAP and ATF-2 (22-29) - 
activate ceU signaling pathways, including the MAPK patiiway, for proUfer^on, 
differentiation, survival and japoptosis. HO-1 is among those genes whose expressiom can 
beupregulatedbyacti^^tion of the MAPK pathway. The current understanding among 
investigators is that upregulation of HO-1 is associated with an enhanced defense 



mechanism against stress (30-36). Moreover, recently the product of HO activity, 
biUverdin, has been shown to play an essential role in the eailiest stages of 
embryogenesis to mandate doisd axis fonnation in XfiMOjWS an^ 

HiQ-1 sbess respond is mediated by AP-1 hih^^ 
consensus sequences TGACrCA (38); iM*-l fimily of pro 

hetapdimers fliat include o-Jun/ATF-2 heterodimo- that binds to bodi AP-1 site and the 
CRE site (TGACN TCA). In addition to HO-1, AP-1 sites are found in many promoters 
of genes, including growth factors, chemokines and cytokines. ATF-2 as a hqmodimer 
biiids to CUE, whereas heterodim^rization of ATF-2 with o-Jun increas«ss its afBnity for 
AP-1 by about 4-fold over that of o-Jun/o-Fos h^erodimer witfi im increase in assodadbn 
time ofthe complex with DNA (39,40). HO-1 is also induced by cAMP and CRE 

activation (41)i 

The stnictural and activity prpffle of the reductase in w<ro are C(^^ 
having a regulatory role in cellular functions, in an effort to farther understand vidiether 
critwia ascribed to BVk does in fact have biological significanc^^^^^ 
undotakdi to examine "whethw increased expressicm of BVR, in the cdl effects regulation 
of gene expression. In this study, we show fliat in cells infected with Ad-hBVR, induction 
of hBVR gene ejqjrcssion residts in increased levels of ATF-2 and HO-1 mRNA and 
protein in the cell. The BVR amino add sequence is highly conserved fiom humms to 
cyanobacteria, (4,6,7,42,43), with 84% amino acid residue identity between human and 
rat proteins. The evdlutioharily consdved fondional and structural features mclude the 
bZip motif, the kinase activity, and having dual pH/oofector wquu 



Therefore, findings with hiiman enzy^ 

manomalian species. 

The findings of the present study togeto^ 
a novel regulator of ATF-2 and HO-1 expression and suggest that increased oqwession of 
BVR is potentially a nsefiil appiroach to change expression profile of a host of genes in 
the cell incltiding those genes involved in cell proliferation, diffo^entiation, survivial and 
apoptosis. 

Experimental Procedures 

Canstructinn of Adenoviral Vecto r expressing hB VR 

Adenovirus recombinant DN As with hB VR w^e constructed as follows. Firstly, 
fiill-length biliverdin reductase cDNA was amplified from the clone obtained earlier in 
the laboratory (6) using primere 724BW (5% GTC ACG AGA TCT 
GGA CGA TGA CGA TAA GAT GAA TGC AGA GCC CGA GAG GAA GTT TGG 
CG) and 725BVR (5*- GTC ACG TGT AGA TTA CTT CCT TGA AGA GCA ATA 
TTT CTG GAT TTC TGG)^ Primer 724BW allows to intrt^ 

(DYKDDDDK) coding sequence just upstream from ATG codon of hBVR cDNA. The 
resulting fragment was digested with Bglll a^^ 

cloned between the appropriate sites of vector plasmid pEGFP-3C. The cDNA sequence 
ofhBVR was verified by sequencing. For transformation, it was used 4am* strain 
GMl 19 (kindly provided by S. Hattman, Department of Biology, University of 
Rochester), since the Xbal site in resulting construct named pGFP-hBVR was protTOted 
by Dam mediylsdon when maintained in non-modified bacterial recipient TTie Nhel- 
Xbal fragment of pGFP-hBVR contained fiasion EGFP-FLAG-hBVR was subcloned 
between the sites mel-Xbal of intermediate vectOT The fact that Nhel 

and Xbal restriction endonucleases produce identical cohesive ends allows us to obtained 
constructs with two alternative orientations of the fi^gment: one \mder control of the 
tetracycline regulated plasmid promotCT PminCMV 

direction (pTRE-INV-hBVR). After thorough sequence analysis, both constructs were 



vised for subcloning into tetracycline-responsive pAdeno-X vector according to tiie 
company's instructions. Recombinant DNA's named correspondmtly Ad-hBVR and AD- 
INV-hBVR were purified fixwn XLl-Blue Gold recipient bacterial strain and analyzed 
wifli restriction endonucleases and PGR using gene spedfic primers md pri^ 
by Ciontccii to check orientatipn of the insei^ 

were introduced into HEK 293 A cells using Upofectamin 2000 protocol (Invitiogen, 
Carlsbad, CA). the viruses were isolated fixjm cell cdtureby AdenoPure (Piiresyn, 
Malvern, PA) purification kit iaccordihg to flie supplier's recommoidations. Ihe viral titer 
was deteraiined by OD2fio assay in aocofitanoe wi 
Cdl Culture and transfection ofhBVB into 293A cells 

293 A ceU line (a hunian embryonal kidney 
(Rockyille, MD). Cells (3x10^ for RNA analysis and 1x10^ for prot(^ analyds) were grown 
in Dulbeoco's Modified Eagje Medium (D-NffiM) containing 10% tetracyctine-fiee fetal 
bovine senmi and 1% penicillin-G/strq)tomycin for 18 hours. Then, virus was added at a 
multiplicity of infection Spfu/pell for Adeno-X Tet-Qn and lOpfii/ceU for two recombinant 
constnicts. This ratio was found to be optii^ 

analyses, upon the addition of the virus, cells wctc collected and used as controls. For most 
experiments, 2h after the additioii of the virus, Dox was added at a concentration of 5 ug^ml. 
This time point was designated in figures as the 0 point Samples were collected at time points 
indicated in figures. . ■ 
Northern blot analysis 

RNA was extracted with a RNcasy kit (Qiagen, Valencia, CA) fixwrn 293A line cells 
infected or non-infected with Ad-hBVR or Ad-INV-hBVR. RNA was «^)aiated by 
electrophoresis on denaturating fonnaldehide gel and transfaxed onto Hybond m^brme. The 
membrane were probed for hBVR, (fuil length hBVR cDNA (26)), hHO-1 (0.8 kb fingment of 
hHO-1 cDNA (45)), AtF-2, Xbal/HincH ftagment of pMT2-HA.ATF.2plasmid (generous gift 
fioin Dr. van Dam, Neflierlands) containing human ATF-2 cDNA, GAPDH (1.3 kb ftagment 
of GAPDH cDNA), and human beta-actin (1.1 kb firagment of human beta-actin cDNA). 
Piobes were labeled using [□r'^P]dCTP with flie random primers labeling system (Gibco, 
Carlsbad, CA). Pr«^-hybridization, hybridization and autoradiography were performed as 
desCTibed previously (46). 



Western Blot 

Cells infected as above were ojllected by (»atrifugati(m (200r^ 
tempCTature), washed with PBS, and tesuspended in 100 ul 4x lysis buffer (200 mM Tris-Q, 
512 mM beta-mercaptoethanol, 8% SDS, 0^ % bromophenol blue, 40% glycerol). 

CeU lysate was subjected to electrophoresis on 14% SDS-polyaclMylamide ge^^ 
and transfened to polyvinylideoe fluoride membrane ^all Corporation, Ann Arbor, MI). 
isVR wi« dkected using rabbit antihumah BVR polyclonal antibodies (3:500, v:v) as the 
primary antibody (5) M horseradish-pero 

Amersham, Piscataway, NJ) as the secondary antibody. The hBVR protein vtas 
visualized by ei^er DAB staining according to manufiurturer's instructions (S 
Aldridh, St Loius, MO) or by enhanced Chemiluminescence (ECL) detection system 
(Amersham, Piscataway, NJ); The FLAG tag was detected by monoclorial mouse anti^ 
FLAG antibodies (Sigma-Aldrich, Milwaukee, Wl) and visualized by DAB staining. 
ATFi-2 was detected by ATF-2 plydonal rabbit antibodiira (Cell Signaling, Beverly^ 
MA) and anti-phospho-ATF-2 (thr69/71) polyclonal rabbit antibodies 
Beverly MA). Specific bands wwe visualized using the ECL system. For hBVR and 
FLAG tag fusion protein detectiofi, 2 ul of induced ceU lysate corresponding to 2.0 x 10* 
cdte was used, to aU other (cases, 20 to 40 al»q^ 

■ F.T.JSA 

HO-1 protein was measured using an ELISA kit developed by Stressgm 
Bioreagents (Victoria, BQ CA) iuxordiiig to the rnanuJwturer's instructions. 
ilfo/i^rgweii f nfRVR acttvUv 

293 A ceUs infected with Ad-hBVR or Ad-INV-hBVR were Ij^ed in buffer 
containing 50 mM Tris-HQ (pH. 7.4), 75 mM NaCl, 20 mM MgC12, 10 ndVl MnC12. 1% 
Nonidet-P-400; 2mM EPTA, 2mM EGTA, 10% glycerol, protease inhibitor cocktail (I ug/ml 
approtiniii, 1 ug^ml leupeptin, 1 ug/ml piepstatin. and 0.1 mM PMSF) and phosphatase 
irihfl)itois (10 mM NaF, 1 mMNaVCK). Non-infected 293A cells were used as a negative 
control. Cdl lysates were briefly sonicated iand centrifuged. The hBVR activity was measured 
in the supernatant fraction at pH 6.7 as described previously (3,39,41). The rate of reduction of 



biliverdin to bilirabin was detennined as the increase in 450 nm absoibance at 25**C. Specific 
activity is expressed as nmol of bilirubin/naiii/mg of protein. 

In vitro BVR protein translation and Gel Mobi litv-Shifi Assay 

In vitro BVR protein translation was performed vising a TNT Quick Coupled 
Translation System from Piomega (Madison, WI). Briefly, fall length hBVR cDNA was 
cloned into a pcDNA3 expression vector downstream from the T7 RNA polymerase 
promoter, 2.0ng of recombinant plasmid DNA obtained was used for protein translation 
witii ThTI Quick Master Mix in a 50(il reaction volume for 90 min at 30°G. The 
qfnthesized proteins were then analyzed in gel shift 

c^djflity to cAMPregdatpry element (CRE) and AP-1 coi^^ The 
sequences of oligonucleotides used in the present study are Usted in Table 1 , The? oligos 
were labeled with [y-^^P ]ATP by T4 kinase (Invitrogen, Carlsbad, CA) according to the 
mamifectuier's instructions. For DNA binding assay, 3 ul of in W/ro translated pr^^ 
was premcubated with 2 ul of binding buffer (20%glycerol, 5 mM MgCU, 2.5 mM 
EDTA, 2.5 mM DTT, 250 mM NaQ, and 50 mM Tris-HCl, 0.25 mg^ 
(dI):poly(dC)) in 8 ul reaction volume for lOmin at room temperature, Then, 2 ulof 
labeled oligos were added, and samples were incubated for an additional 20 min at room 
tonperature. The DNA-protein binding complexes were electrdphoresed on a 6% non- 
dcnature poly-acrylamide gel and processed for autoradibgnq)hy: The unlabeled 
compctiitorDNAwasu^tp detaminethespedficityof^ In order to identify 

proteins in flie DNA-^rotein complexes, supershift experiments were performed with 
rabbit polyclonal anti-hBVR antibodies (45). For positive control, ATF-2 protein was m 
Win) translated using a pcDNA3 plasmid containing a 762 bp ATF-2 cDN A se^^ 
template (gpoerous gift fi:om Hicham Drissi, University of Rochester). The translated 
ATF-2 protein was then used in the CRE binding reaction. Each experinient was 
repeated at least twice to aiscertain tiie reprodudbility of re^ 

Results 

Verification of the adenoviral expression ve ctor for BVR expression 

To investigate the potential of hBVR to alter gene expression in the cell, a two- 
component adenovirus system provided by BD Biosciences Clontech was used to 
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develop an Ad-hBVR construct (Fig 1). Functional hBVR cDNA was tagged with a 
FLAG sequence and cloned downstream in fusion with the EGFP gene taken from vector 
pEGFF-3C. The presence of FLAG and EGFP allowed for confirmation of BVR 
expression and cellular localization. The expressing cassette was subcloned into tiie 
shuttte vector pAdend-X in two alternative orientations - one (named Ad-hBVR) under 
control of vector inducible promoter, the other (named AD-INV-hBVR) in the opposite 
orientation. The laitter construct was designed to use in expraments as dominant-negative 
mutant of over-expressing clone Ad-hEVk. The helper virus Adeno-X Tet-Qn, the 
second component of the system, provides reverse tetracycline transactivator (rtTA), 
v^di in flie presence of Dox binds to Tet-responsive element (TRE) located upstream of 
the riiViiTnal immediate early promoter of cytomegalovirus (PmiiiCMv) and subsequaitly 
activates transcription of the gene cloned under control of the promote:. This approadi 
allowed to ovetexpiess specific products of pAd-hBVR iising regulated induction and to 
detect it dther witti airti-BVR or anti-FLAG antibodies or by EGFP fluorescence, whi<^ 
opals a bioad range of opportuniticas sudi as study of hBW trafficking (Fig 2), protein- 
protein interactionsf, etc. In preliminary experimaits, it was found that Dox in a 
concentration of 5 nfi/niL provides the higjiest and niost repft)ducible inducti^ of 
recbmbiiianl protein (concentration of 0.01, oX 0.5, 1 A 
data not shown). 

IndudbiUOr and expression of GFP-FLAG-hBVR mRNA was determined by 
NorfliCTi blot analysis (Fig 2a). A prominent signal that corresponded to the size of fhe 
fusion product was observed 24 h after infection of 293A ceUs with Ad-hBVIL During 
the exposure period, exceedingly low levels of hBVR mRNA were detected in 293A 
cells, in cells infected with virus only, or in cells infected with Adeno-X Tet-Qn or Ad- 
INV^hBYR construct the finding suggested diat the increase is not due to activation of 
hBVR transcription by the vims. Robust inwease i^ mRNA message of BVR was 
accompanied by a marked inorease in rate of biliverdin reduction (panel c). 

The time course of hBVR expression was examined. As ^own in Fig 3, there 
was a time dq)endent increase in protein yield (panels a & b) and activity (panel c) in 
293A cells transfected with hBVR. Prominent induction of hBVR was detected at the 8 h 
time point with anti-hBVR antibody. Western blot analysis using anti-BVR or anti-FLAG 



antibodies show practically identical patterns (Fig 3a & b). It should be noted that 
endogenous B VR was detected with anti-BVR antibodies in non-induced 293 cells only 
whai 26-foid hi^er amounts of cell ettract was used for the analysis. Non-induced cells 
showed low level reductase activi^ iqKm addition of Dox it was gnwiuaUy in<^^ 
foUoWg a general pattern as tiiatofejqjression of BYR protein The peak activity was 
noted at 24 h after the Dox in&iction- Similar to nbn-tr^ 

vims only or infected with INV hBVR construct showed low level reductase activity. 
Cellular localization of hBVR was detected fiom EGFP greai fluoresoeace. As shown in 
panel d, hBVR does traffic in ihe cells as indicated by tiie imqn^ 
fluorescence of the micleus. The hBVR was recentiy thougjit to be exclusivd^^ 
(^solic protein; the pbsoved nuclear translocation of the jnotein is consistoit with its 
function as a regulatorofgrae ejq»rtssion. Pane^ 

rhutrex pression ofBVR in 293 cells res ults in an increase 6f ATF-2 oroteih expression 

to test the genes Aat were affected by hBVR, total KNA was extrw^ fiom the 
293 A cells 24 h after infection either with Ad-hBVR or Ad-INV-hBVR viruses and subjected 
to gene mioo aiiay analysis of cell signaling ^es. A niimba: of ^es wcfc identified by the 
analysis. ATT was among tiie several candidate genes aflGocted by hBVR (Table 2). 

To confirm whether BVR in feet regulates AtF-2 mRNA and pio^ «q»res$ion. 
293 cdls were infected witfi Ad-hBVR vims. Cells infected with the Ad-INV-hBVR were 
used as controls. The' jtransfectants wane harvested at dififoent time points aftor mitibiotic 
induction and used for Northern blot analysis of ATF-2 mRNA and ATF-2 protein by Western 
blot analysis. As shown in F;ig 4, ATF-2 mRNA was nunimally detected in cells prior to the 
addition of the antibiotic. ATF-2 mRNA was increased with induction, and peak levels were 
detected at 16 h. The signal for GADPHi the control for loading, was essentially oonstwit over 
the duration of the experiment Infection wifli hBVR also resulted in a significam increase of 
ATF-2 protein expressi(m (panels c). The innease was detectable 4h after induction and 
peaked at the 24 h time pomt TTie DNA bindinjg of ATF-2 is enhanced by N-terminal 
phosphorylation (48). To test whether the phosphorylated form of ATF-2 was also increased 
by overexpression of BVR in the 293 cells, flie expressed protein was probed with antibody to 
phospho thi69/71 ATF-2. As shown in panel d, an incaease in the phosphorylated form of 
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ATT ^ is detected 16 h after induction of antibiotic. The finding suggests that hBVR effects 
ATF-2 posttransladodal modificatioii. At this time, it is not evident whether the increase in 
phosphorylation of ATF-2 is the i«sult of direct interaction of hBVR with ATF-2 or reflects 
modtiatiOT of other kinases diat phosphoiylate. ATF-2. 
hitVR binds tii^TF-l promoter 

Because as overexpression of ffiVR m 293A cells resulted in a significant 
increase in ATF-2 mRNA, we questioned whethw hBVR interacts wifli consensus 
sequerices in Ihe ATF-2 promoter rc^on. Using Malin^ector software, three potential 
AP-1 binding sites were predicted in 1 kb ATF-2 promoto xe^ 
conteining the fliree potential binding sites was (wt^^ 

Ifind HI and NCOs I digestion. As shown m Table 1, one bindiiig site hais a shmtttity of 
94% Wifli AP-1 consensus sequence CTGTAGTCA), the o&ertwo have a similarity of 
87% and 86%, respectively. Weprcviously showed that hBVR binds to the AP-1 sites in 
theHO-1 promoter region (1$): Presentiy, anAP-1 binding assay was carried out using 
hBVR translated in vitro psing a TNT protdn translation system and tiie ATF-2 promote: 
DNA fragment labeled wthy^P-ATP. As sJwwn in Fig 5, i^ 
rising 6% nondenatured polyaarjdamide gd, a pnmiiiient proton + DNA signal was 
detected. T6 verify the specificity of hBVR-AP-1 site binding, unlabeled DNA was used 
for conation analyses. As seen in lane 3, Fig 5, Ac inteiisity of tiie ^1-shift band was 
nearly abolished when unlabded DNA at tiie concentration of lOx excess of labeled 
DNA was present in the binduig assay. Specificity of bindmg was furthei; substantiated 
by the pbserration that addmg hBVR spedfic antibody to the reaction 
resulted in a super-shifted band of the findings suggesting that hBVR may be amongst the 
various fiictors tiiat coiUd effixt ATF-2 transcription. 

pVK hinds to AtF/CRE^te 

The consensus sequence of CRE, wiuc* is die binduig site for dune^^ 

differs ftom the AP-1 binduig site by the pr^ce of one added nucleotide to that of 7 

nucleotide AP-1 binding site; (TGA0JTCA vs. TGACTCA). Therefore, ^e questioned 

whether hBVR also binds to C»E. For this, gel mobility-shift assay was performed with 

in vitro translated hBVR proton and oligonucleotides containing CaiE consensus 

sequence as Ksted m Tablel. As shown in Fig 6, incubation of '*-P labeled oUgo 



withtranslated BVR protein formed a complex that was detected by the gel mobUity shift 
assay/To verify the sequent spedfidty of CRE binding, unlabeled oU^ 
competition assay was perforaied. As shown in the Figure, the intensity of the gd-shift 
band was deCTeased in flie presence of unlabeled CRE oligonucleotide. In the presence of 
ucJabeled DNA at concentrations 2x, 5x and ICbt in excess of the labeled DNA, BVR- 
CRE binding was reduced by about 30%, 60% and 80%, respioctively. llie p<«itive 
control for flie experiment was in vitro translated ATF-2. As noted in Ihe fiigiure, an AtF- 
2/DNA <x)mplex was detected: Binding was not detected when DNA, with one copy of 
CRE or mutated CRE sequence (Tifl)le 1), was us«l. ^ 
protein is capable of binding to CRE sites and suggests that h^ 
binding proteins, sutAas ATF-2, is capable of binding to strii^^ 

sequences. 

un. I ^rp f/.,Ma»i is increased in hBVR rnuntfrpr^sine cells 

The consequence of incr«Bed expression of hBVR on Hp-1 was eic^^ 
Previous studies using antisens(B BVR suiggested the presence of BVR is required ferHQ- 
1 stress response (19)i which reepures AP-^^ 

heterodimer with c-Jun with higji affiinty for AP-1 sites. Presently, we examined whethor 
increased expression of BVR would aflfect HO-1 expressidn. As shown in Fig 7, HO-l 
mRNA in 293 cells was increased 8 h after ind«5tion a). The observed increase in 
FiO-1 inRNA did not result ftom diflFaxsnces in sample loading (panel c). Moreovw, 
increase in HO-l proteiii. levels^ as measured by ELISA, was consistent with an increase 
in HO^l mRNA (panel c). The conoentralion of HQ-i in control cells was 4^.7 n^/mlAng 
of total ceU proteins with that of Ad-hBVR infected peUs measurtog (2^^^ 

the control cells). 

"Discussion' 

We previously found the foUowing features of BVR: ftie present ^ 
inotif in theprimary structure of hBVR. together with Idna^ 

its nuclear localizatioh in response to oxidative stress and cGMP (17-19), consistent wifli 
those of aprotein that could potentially effect gene regulation. Hiis concept was fiirtfaer 
reinforced by finding that hBVR could bind to a DNA fiagment containing AP-1 



and flanking nucleotides present in the HO-1 promoter (38). It renwined, however, to be 
established Aat in the cell hBVR has a role in regulation of gene expression. 

The present investigation, which used a cell culture system, supports this potenti^ 
and define hBVR as a regulator of ATF-2 (CREB-2) and HO-1 expression. The AP-1 
binding activi^ of hBVR was confirmed and was extended to the CRE site. CRE difBers 
fioin the AP-1 site by one added base. Binding of hBVR to the consensus AP-1 and CRE 
sites in vitro, however, does not indicate that hBVR directty regulates ATF-2 or HO^l 
transcnptidi^ rather this finding togeflicr with the results of mRKA and pirotdn analysis 
siq)port a role for hBVR in regulation of ATF-2 a^ gene expression and 
potentially a componait of flie bieal transcriptionid macibineiy for their egqnpssaon. 

Increased levels of ATF-2 in cells overexiwessing hBVR may affect a wide rang^ 
ofcdlylarfimctiOTis. AtT-2 is a constitative transaiption fiw^ 

unlike that of c-Ju!W which is an inducible factor, is not depeodeat on extracellvdar signals 
(47,48). Transcriptionil fectora, Fos (Fos-like), c-Jun, and ATF-2i like BVR, are 
«<leudne zippa" tjpe fitctors and bind DNA in homodimoic or hetoodimeric forms. The 
availability of die dimetic partner determines thdr prefermce for DNA binding rites. Tn 
die case of ATF-2, it can form a heterodimer with c-Jm; And, when its levels are 
increased, it effectively coinpetes with c-Fos, &e usual dimcr partner of c-Jun. Hie ATF- 
2/c^Jun heterodimer preferentially binds to the Tbase AP-1 sites (TGACTCA) rather tiian 
ATF-2's usual site, CRE CFGAC NTCA) (Ca/cAMP re^xmse element) (48-50). The 
ATF-2/c-Jun dimer DNA coniplrai is more stable than c-Fos/c-Jun-DNA conq>lex (39). 
Moreover, heterodimmzation not only alters ATF-2 biridiiig with remarkable variation in 
affinity imongst (Afferent CRE sites (51), but also gene regulation activity of the dimeiic 
partaer. The abiHty of hBVR to induce ATF-2, therefore, is likidy to change the profile 
of gene expression in the ceU. Jn Has case of hetaodimeriziiig widi c-Jun to form a 
conqionCTt of AP-1 complex, the association likely wfll result in a wide spectrum of 
dianges in the cell. AP-1 ates are found in promoter of a variety of genes (52) and is 
activated by mitogens, oncoprotdns, cytokines aaui stress induc»ig stiniuli. ATF-2 in 
addition to influencinjg c-Ws dimeric composition plays an in^wrtant role in indu«Sion 
of c-Jun gene expression and its autoregulatory transactivation by o-Jun protein. 



ATF-2 also fonns dimers with hfF-KP (53). NF-Kp is a transcriptional activator 
of a number of proinflanMnatory mediators, such as cytokines, growth 
adhesion molecules (54/55)/ It is reasonable to suggest Aat binding 
elements of genes target two classes of NF-Kp and their family of homo or heterodimeric 
foims would be affected by an incr^se in ATF-2 in the cell. Activation by BVR of ATF- 
2, therefore, may be another mechanism by which NF-KP activity is modulated Because 
NF-Kp. is a component of the signaling pathways that lead to concUtions such as vasculiar 
inflammation and athcrogenesis (54, 55), the ability of BVR to increase ATF-2 gene 
ejqnession may be of potential utility in therapeutic settings fc rqgulate inflammatoiy 
processes. 

It is reasonable to suspect a relationship between inCTease in ATF-2 expression 
and increase m that of HQ-l . Activation of MAPK signaling pathway and c^Jun/c-F6s- 
DNA binding is a key mechanism for Ae induction of HO-L The oxygenase is also 
responsive id the gene activation by cAMP (41, 56-58). Accordingly, it is reasonable to 
suspect that induction of ATF-2 has a direct affect on HO-1 expression. However, th^ 
possibility cannot be ruled out that induced HO-1 gene expression in cells oyerexpressing; 
hBVR, was independent of ATF-2. In this case, at the mmimum, two medianisms can be 
considered, one would involve die removal of the product, biliv«din, by hBVR 
fimctioning in the reductase capacity, and the other would involve activation of other 
genes tiiat control HO-1 ^eaie expression; for instance, that of c-jwt. As noted in Table 2, 
cjun was amongst the list of genes identified by micro array analyses to be unregulated 
in cells infected with Ad-hBVR. That, all or a combination of the noted niechanisms are 
involved in ujff^ulation of HQ-l is a distinct possibUity. Ci)nsidding the wide range of 
cellular fiinctions fliat are modulated by HO activity and products of herhe c^ysis (30- 
36), the finding that hBVR plays a role iii regulation of HO-1 expression could be utilized 
as a method for modulatog a wide spiectnm 

Based on the findmg? of this investigation, we propose the sdiOT^ 
for how the overexpression of hBVR modulates cell signaling for expression of genes 
involved in proliferation, differentiation, survival and apoptosis. 
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Fqgure Legends 
F^re 1. AbbreW^dons: AdX = recombi^ 
TRE = Tct-rcsp6nsive element 

PminGMV = minimal inunediate early promote of cytom^bvirus 

GFP = geneGFP 

FLAG = M2 flag sequaice 

hByR = geneBVLR 

. VP16 = C-tecminal activation domain of Herpes simplex virus VP16 protdn rteffi. = 
"reverse" mutant of Tet repressor 

= dinx^tion of translation of ORF ••EGFP/FLAG/B 

= dii»ction of transcription fix)m PminCM^ 
Figare2. Analyseg of h ilivftrrfin re ductase mess age and activity of 293 A cells infected 
i^'tli aHflnnvi nis hBVR expression sv5tem> 293A cells wCTe infected with wild-type Ad> 
EGFP-FLAG-hBVR (Ad-ffiVR, forward anow), Ad-INV-hBVR (Ad-hBVR, reverse 
arrow), or Adcno-X Tet-On(Adx). 293A cells were used as fliecontroL Nordiemblot 
analysis, using GAPDH as the loading control was carried out as described in the 
Matmab and Methods 24 h after infection. 5 1^ 

ac^vity was measured at pH 6.7 with NADH as this oofector by measuring ^ rate of 
conversion 

of bmveidin to bilirubin (4). 
F^ure 3. Time course of inducriop mf hBVR in response to doxvcvcline addition. 293A 
<^Us tiansfected ivitii wild-QrpehBVR were aiwlyzed for expression of the geneat&e 
indicated lime points. For protein visualization, rdibit polydonid antihuman BVR 
antibody (panel a) ormonoclbnal anti-FLAG (pand b) was used. Activity wias measured 
as described in flie text (panel c). Green fluorescence oftiie cells was c^tured24h after 
ad^tion of doxycycline (pand d). Panel e shows the cdls under ^^^^ 
irj^ore 4. Intfeased expression of ATF-2 mRNA and protein in cells in fected with Ad- 
hBVR. Native and pbosj^ioiylated ATF-2 in Ad-1»BVR infected cells. 293A cells wwe 
infected witli Ad-hBVR construct and analyzed for the expression of ATF-2 mRNA and 
protdn. A 1,600 bp ATF-2 probe was used.for tiie Northdn analysis; monoclonal 



antibodies to native or phosphoiylated ATF-2 and ECL system were 1^ 
blot amdyses. Ejcperimental detaUs are provided in the tej^ 

Figure s. hBVR binds to ATF-2 promoter. AP-1 binding assay was carried out using 
hBVR translated /n wWusing a TOT protein tra^ 

upsti^m of ATF^2 ATG cpdon shQwn in Table 1 . Super shift assay was carried out 
using polyclonal antiTwdy to hBVR. Umes: 1 = transit 

without hBVR; 2,4 & 5 = translated hBVR + labeled DNA; 3 = translated hSVR + 
labeled DNA + 10-fold excess of unlabeled DNA; 6 ^ translated hBVR + liabeled DNA + 
antibody to hBVR. Conditions of decttophoresis are desqibed in Matoials aid 
■ Methods. . ■ ' . • ' 

Figiutt 6. ^BVR binds to ATF/CRE ^ unsensiis seoiicpce. The assay ^ carried out 
uang hB VR triuislated in Wicro wiffi a TOT protein^ 

fiagmeats containing 4 or 1 ATF/CRE sites were used in the gel shift binding oqMrimait 
(Table 1). For competition analysis, unlabeled CRE containing oligo nucleotide was 
added at ^ 5x and 10k excess fliat of labded CRE oligo nucleotide. From left, Ime: 1 = 
translation system without hBVI^ 2 = translated hBVR +labded C^ 4 & 5 = 

tnmsiated hBVR + unlabeled CRE oh^ nucleotide at^2^ 5xand lOx excess of that of 
labded DNA, respectiveljr, 6 = translated ATF-2 + labded DNA as a positive control for 
QtEbinding. 

figare l HQ^l gene expresMoh iii uiHuced in cells infiacted wifli Ad-hBVR. 293A cdls 
were infected wifli Ad-hBVR and g»e ^jqjression was 
doxycycline (Dox). Northern blot andysis of HO-1 lii^ 

d>NA probe and HO-1 protem levels were measured by ELISA. E3q)erimartal details 
are provided in the text Cells infected with Ad-INV-hBVR did not show incTMsed 
eatpressionofHO-l . The amountofhHO-l was compared to 0 tinie point tdcen 100%. 
The vdues are e>qn«ssed as a mean +/- S.A of tiiree separate experime^ 
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Table 1. Oligonucleotide Sequence Used for Gel Shift Assays 



NameofOligos 




Sequence of Oligos* 




5'- 


A«A nAT TOT. CTG ACG TCA GAG AGC TAG -3' 


4xCRE 


5'- 


(AGC CTTG ACG TCA GAG)x4 -3' 


IxmutGRE 


5'r 


AfiA «AT TfiC CAT GGC ATC GAG AGC TAG -3* 


AP-1** 


5*- 
AC 


^ntl (\f;\ A AT AGT GAC TAG TTT TGG GGT GAC AGT 
iT (nt 120) ATA AGT_TATTeA ACT TAT G -3» 



♦ OMy the i^iper Strands of doiiblc-str^^ 

** The DNA fragment with three potential AP^l binding sites as predicated by Malinq)ector software. The 
double underlined sequence has a similarity of 94% 

other two dotted, and undeiluied sequences iiavc a similarity of 87% and 86% selectively. The initiation 
ATG cbdon of ATF-2 original ORF is shown 
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Table 2 

Genes identified by niiax)array analysis mfluoiced by hBVR overexpression 

Gene Symbol foM^ 

CYP19A1 36.0 



CSN2 



92 



.ATF-2 

GADD45 ''•^ 



HSFl 



7.5 



HHIP 

c-JUN 3.8 
PECAMl 3-7 



HSPBl 
BCL2 
EGFR 
BCL2L1 
BIRC2 
HSPA 
PRKCA 
PTGS2 



3.4 
3.4 
3.4 
3.1 
2.6 
2.5 
2.4 
23 



WISP3 2.2 
CDKN2B 0.4 

CD KNIB §:?_ — 

CYP19A1, cytochnmw P450, 6mily 19. subfiunfly A, polyp«?>tide 1; ATF-2 (CREB-2), cAMP reqxMisive 
eleanent bbiding protein 2; GADD45, DNA-<lamage-inducft)le traiBctqrt I; HSfl, beat shock transcrqrtioB 
fector 1- HHIP hedgdiog-interactmg protem; PECAMl, homo si^iens platelel/endotbelial cell adhesion 
molecule (CD31 antigen); HSPBl {H^27), heat shock 27 KD protein; BCL2, B-ceU dlTlynvhoma 2; 
EGFR, epidennal growtii fector reoq)tor, BCL2L1, homo s^ens BCL2-like 1; BIRC2, homo s^ens 
baciiloviial lAP iq)eat-containing 2; HSPA (Hsp90). heat shock 901d5a protein 1, a^pAa; PRKCA (PKC- 
Qprotein kinase C, al|^ PTGS2 (Cox-2), iiomo s^iens prostaglandin-endoperosdde synthase 2 
(prostaglandin GKl synAase and cyclooxygenase); WISP3. WNTl inducible signaling paAway protrin 3; 
a>KN2B. cycline.dq>endent kinase inhibitor 2B (pl5, inhibits CDK4); CDKNIB.. cycline-dciNaident 
inUlntor IB (p27Kqil). 



ATG 




ATG 



AdX s recombinant Adeno ~ X vims 
TRE = Tet - responsive Element 

P^CMV = minimal immediate eaily promoter of ctyomegitovinis 

GFPBgeneGFP 

FLAG ° flag sequence 

hBVRBgeneeVLA 

NrtHe = C^erniinal acthwthOT domain of Htopes *^^ 
ftelR « Ysvefse' mutant of Tet repressor 

B direcUon of translation of ORF ^FP/FIAG/BVLRA- 



« direction of transcription from P„*,CMV 




Figure 1 




Figure 2 




Figure 4 




AnB-BVR + 

BVRDNA 

complex 



^BVR DMA 
complex 



^ Free Probe 



* unlabeled AP-1 pligo 



Figure 5 
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complex 
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Figure 6 
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Figure 7 
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Cell proliferation. Cell differentiation, 
Cell survival, Apoptosis 



Figure 8 
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What b Ctoimed: 



1. A mefliod of modifying eag^^ signaling 

proteins oonqnising: ■ 

modifying 4c micl<» or oeilijarwmoa^^ 

or iagmenteor wianfc thcreo^in acdl. wher*y adiangeinthen^ 

concCTtration of biHvadin reductase^ or fts«nMaits or variants tiiweo^ modipes lie 

transcription of cdl cycle oir cdl signaling protdns. 

2. . ' . The metlwd aoaMrdingtoiRl^ 

comprises: 

transfonnihg the ceU with a DNA constnp^ 
biUveidin reductase RNA in the cell, sdd transforming decreasing fliemide» or 
cdlidar concentration of WUyenUnxeductase. 

3. The method accordtog to claim 1 wherein said mioidifyaiig 

comprises: '• ^ 

trans&yming the cell with a DNA construct whicb expresses biliverdin 
Reductase or fiagmebts or variants thereof in the ceB, said transforming increasing the 
nudear or cdlular conc«aitratiqn of biKverdm 

"diefeof 

4/ TliemethodJicaMrdingtoclaim^ 

oomj^ises: . 

introducing biUvcidin reductase or fragmente or 1^ 

tibeodL' 

5. TTie method according to daun 4 whacin said intrddud^ 

•'.ooo^Hises:. 

contacting the ceU with a deUvery vdride conqmsii^ 
reductase or fragments or Arariants thereof under cohditions effective to induce cellular 
uptake of at least the biliyeidin reductase or ftagmeirts or variaite^ 



6. The method accoidmg to claim 5 wherein the deUveryveW 
a liposome cbnqnisii^ biliveidiii reductase or fragmoits or variants thareot 

7. . The meflipd accoiding to daim 5 whttdn the delivery vehicle is 
a fusion protein comprising bilivendin reductase oi- fiagments or variants th^mfl 

.8, The mefliod according to daim 1 whisidn]^ 

.9. The method according to daim l^eranflie cidi 

10. The method according to di^m.l herein die odlisig^ 
is selected from die group cbnsistiniB of creb-2i^^ 
beta-casein, p4^XK. GADIM5. HIP. p27Kipl.pl5fidc2b, pl8 (od^^ 

CDXl, FASN, Stra6. 
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